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The effect of acids on the growth, survival and detection of Salmonella enteritidis 
PT4 is particularly important in view of the number of outbreaks in which 
mayonnaise has been implicated as a vehicle. Capacitance measurement was compared 
with colony counting procedures for the enumeration and determination of sub-lethal 
injury of Salmonella enteritidis during storage under varied conditions of pH, 
acidulant and temperature.
Capacitance monitoring was shown to offer an improved technique for the 
measurement of sub-lethal injury in cell populations. Higher levels of 
sub-lethal injury were detected by the extension of capacitance detection time 
than were indicated by differential colony counts on selective and non-selective 
media. The extension of detection time noted with sub-lethally injured cell 
populations was shown to be due to an extended lag phase when cells were placed 
in the capacitance growth medium and not the result of delayed detection of the 
growth of a small, uninjured sub-population.
Plots of percentage survival and extension of detection time in survivors gave 
similar curves for acetic and lactic acid. These acids showed both greater 
lethality and greater ability to inflict sub-lethal injury than the stronger 
citric or hydrochloric acid. Sub-lethal injury and lethality were not simply
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related, as little sub-lethal injury was observed with the stronger acids even 
under conditions that were ultimately highly lethal.
The results indicate that weak organic acids cause more reversible damage to cellular 
sites prior to death: an observation that has implications for choice of resuscitation 
procedures when examining acidified foods.
Injured cells were found to contain lower levels of ATP than healthy unstressed 
cells. Inhibition with chloramphenicol did not appear to increase injury and 
total protein patterns for injured and uninjured cells were similar, suggesting that 
protection afforded by the synthesis of stress proteins is not a significant 
factor in this case.
The recovery of sub-lethally injured cells in various pre-enrichment and selective 
enrichment media using capacitance detection times and colony counts on selective 
and non selective media was determined. Buffered peptone water appeared more 
effective in recovering injured Salmonella compared to Lactose broth. Additionally, 
selenite cystine was shown to recover cells faster than the other two selective broths 
tested; the Muller-Kauffmann Tetrathionate broth and the Rappaport Vassiliadis 
enrichment broth. In this study, different injury conditions were applied; these 
included acid stress, heating and freezing. According to the lag phases of injured cell 
populations, short pre-enrichment is not recommended in the present study.
2
ACKNOWLEDGEMENTS
I would like to express my greatest thanks to my supervisor Dr. Martin Adams for 
his continuous advice, encouragement and support during this project. I would also 
like to thank Dr. Clive Blackburn for his technical advice on bactometer, his 
useful ideas and comments.
Many thanks also to Dr. Maria Ramos and Lara for their help with the 
electrophoresis and for their enthusiasm and suggestions during the course of this 
study. Also to all friends and collegues at the School of Biological Sciences for their 
friendship and help.
I am very grateful to Harry Dean, for his computing assistance, his advice and 
encouragement throughout this work.
Finally I would like to thank my brother Panos and sisters Niki and Christina for 
all their love and care throughout these years, but mostly, great thanks to my parents 
for their love and support especially when I needed it the most.
I gratefully acknowledge the financial support of A. G. Levendis foundation and of 
the Leatherhead Food Research association.
3
C O N T E N T S
PAGE
ACKNOWLEDGMENTS........................................................................................3
CONTENTS............................................................................................................. 4
LIST OF FIGURES...............................................................................................  9
LIST OF TABLES..................................................................................................14
LIST OF APPENDICES......................................................................................  12
CHAPTER 1 FOOD PRESERVATION AND CELL
INJURY...................................................................................... 16
1.1 Food preservation procedures................................................................  17
1.1.1 Physical treatments........................................................................  17
1.1.2 Chemical treatments.........................................................................20
1.2 Cell injury :
Causes, general characteristics and repair................................................ 22
1.2.1 Treatments that cause injury........................................................... 22
1.2.2 Organic acids and their mode of action as food preservatives.... 24
1.2.3 Chemistry of organic acids..............................................................24
1.2.4 Antibacterial activity of organic acids............................................ 26
SUMMARY.................................................................................................................  1
4
1.2.5 General characteristics of injured microbes 
and mechanisms of cellular repair................. 29
CHAPTER 2 SALMONELLA: A FOODBORNE PATHOGEN.......................... 35
2.1 Characteristics of Salmonella........................................................................ 36
2.2 Antigenic structure and classification............................................................. 37
2.3 Pathogenesis....................................................................................................39
2.4 Outbreaks of Salmonellosis............................................................................ 41
2.5 Methods for the detection of Salmonella in
food products................................................................................................... 45
2.5.1 Conventional methods............................................................................45
2.5.2 Electrical impedance methods...............................................................48
2.5.3 Immunoassays........................................................................................ 51
CHAPTER 3 GENERAL MATERIALS AND METHODS...........................  54
3.1 Organism, media and culture conditions.................................................... 55
3.2 Preparation of acid buffer solutions..............................................................56
3.3 Acid carry-over in the bactometer modules................................................. 59
3.4 Description and characteristics of the bactometer.......................................... 59
5
SALMONELLA...................................................................................62
4.1 Introduction....................................................................................................63
4.2 Materials and methods.................................................................................... 66
4.2.1 Acid injury...............................................................................................66
4.2.2 Correlation between colony counts and
bactometer detection times.................................................................... 67
4.2.3 Measurements of the lag phase of injured
Salmonella enteritidis...............................................................................68
4.2.4 Preparation of mayonnaise.................................................................. 69
4.3 Results and Discussion.................................................................................. 70
4.3.1 Acid carry-over in the bactometer modules............................................70
4.3.2 Correlation between colony counts and
bactometer detection times..................................................................... 70
4.3.3 Sublethally injured cells.........................................................................73
4.3.4 Measurements of the lag phase of sublethally
injured cells........................................................................................ 103
4.3.5 Effect of acids on extension of detection time................................. 110
4.3.6 Validation of the results in a food sample
4.4 Conclusions.............................................................................................  115
CHAPTER 4 ASSESSMENT OF ACID INDUCED INJURY TO
6
CHAPTER 5 PROTEIN DETERM INATION AND ATP MEASUREMENTS 
OF HEALTHY AND STRESSED CELLS...............................  117
5.1 Introduction................................................................................................. 118
5.1.1 Bioluminescence................................................................................  118
5.1.2 Chloramphenicol...............................................................................  121
5.1.3 Electrophoresis.................................................................................. 122
5.2 Materials and methods...............................................................................  123
5.3 Results and Discussion...................................................................................129
5.3. lBioluminescence........................................  129
5.3,2 Effect of chloramphenicol on acid injured
Salm onella cells...................................................................................  132
5.3.2.1 M IC of chloramphenicol............................................................132
5.3.2.2 Does chloramphenicol make injury worse?..........................  133
5.3.3 SDS-Polyacrylamide Gel Electrophoresis........................................ 134
5.4 Conclusions.................................................................................................139
CHAPTER 6  ASSESSMENT OF RECOVERY OF SUB-LETHALLY INJURED 
SALMONELLA.............................................................................. 141
6 .1  Introduction.......................  142
6.2 Materials and Methods.................................................................................. 144
6.2.1 Organism...........................................................................................144
7
6.2.2 Heat injury.......................................................................................... 145
6.2.3 Freeze injury -.............................................................................. 145
6.2.4 Acid injury .......................................................................................  145
6.2.5 Enrichment media.............................................................................. 145
6.2.6 Addition of catalase and superoxide dismutase...................................146
6.2.7 Electrical measurements....................................................................  147
6.2.8 Colony count method........................................................................  147
6.3 Results and Discussion...................................................................................148
A
6 .4 Conclusions......................................................................................................154
CHAPTER 7 GENERAL DISCUSSION........................................................... 163
7.1 Further Work............................................................................................. 176
REFERENCES.......................................................................................................... 177
APPENDICES........................................................................................................... 211
PUBLISHED PAPERS (in pocket at back of thesis)
8
LIST OF FIGURES
FIGURE PAGE
3.0 pH changes of lOOmM and 200mM acetic acid, lOOmM and 200mM 
citric acid, lOOmM and 200mM lactic acid, lOOmM and 200mM
pyruvic acid, under different volumes of HCL (2M )...................................57-58
3.1 Typical electrical response curve.......................................................................61
4.1 Calibration curve of Salmonella enteritidis...................................................... 72
4.2 S.enteritidis stored with acetic acid at either 100 or 200mM,
at 15°C and pH 4.5, subsequently plated on either TSA or XLD .....................74
4.3 S.enteritidis stored with citric acid at either 100 or 200mM,
at 15°C and at pH 4.5, subsequently plated on either TSA or XLD .................. 75
4.4 S.enteritidis stored with lactic acid at either 100 or 200mM,
at 15°C and at pH 4.5, subsequently plated on either TSA or XLD ....................76
4.5 S. enteritidis stored with pyruvic acid at either 100 or 200mM,
at 15°C and at pH 4.5, subsequently plated on either TSA or XLD ....................78
4.6 S. enteritidis stored at 15°C and at pH 4.5.
Acidification with HCL (2M ).............................................................................. 79
4.7 Salmonella enteritidis stored with acetic acid at either 100 or
200mM, at 4°C and pH 4.5, subsequently plated on either TSA or XLD  80
4.8 Salmonella enteritidis stored with citric acid at either 100 or
200mM, at 4°C and pH 4.5, subsequently plated on either TSA or XLD  81
9
4.9 Salmonella enteritidis stored with lactic acid at either 100 or
200mM, at 4°C and pH 4.5, subsequently plated on either TSA or XLD .........82
4.10 Salmonella enteritidis stored with pyruvic acid at either 100
or 200mM, at 4°C and pH 4.5, subsequently plated on TSA or XLD ..............83
4.11 Salmonella enteritidis stored at 4°C after acidification with
HC1 (2M) at pH 4.5.............................................................................................84
4.12 Survival of S.enteritidis at 15°C after storage in acetic acid at either
100 or 200mM and at pH 4.5................................................................................ 87
4.13 Survival of S.enteritidis at 15°C after storage in citric acid at either
100 or 200mm and at pH 4.5................................   88
4.14 Survival of S.enteritidis at 15°C after storage in lactic acid at either
100 or 200mM and pH 4.5.................................................................................... 89
4.15 Survival of S.enteritidis at 15°C after storage in pyruvic acid at either 
100or200mM and pH 4.5...................................................................................90
4.16 Survival of S.enteritidis at 15°C after storage with HC1 at pH 4.5.............91
4.17 Extension of detection times of S.enteritidis with lactic acid at 15°C
and at 4°C.......................................................................................................... 93
4.18 Extension of detection times of S.enteritidis with acetic acid at 15°C
and at 4°C......................................................................................................... 94
4.19 Extension of detection times of S.enteritidis with pyruvic acid at 15°C
and at 4°C......................................................................................................... 95
4.20 Extension of detection times of S.enteritidis with citric acid at 15°C
and at 4°C......................................................................................................... 96
10
4.21 S.enteritidis stored at 15°C and at pH 4.5. Acidification with HC1............. 97
4.22 S.enteritidis stored at 15°C with citric acid at pH 3.5.................................100
4.23 Extension of detection time of S.enteritidis with HC1 at 15°C and
4°C and pH 3.5...............................................................................................  101
4.24 Growth of Salmonella in General purpose plus medium (GPPM) with
200mM of each acid.........................................................................   105
4.25 Growth of Salmonella in General purpose plus medium (GPPM) with
lOOmM of each acid...................................................................................... 106
4.26 Growth of Salmonella in General purpose plus medium (GPPM)
acidifiedatpH4.5withHCL................................................................................ 107
4.27 Plot of percentage survival against extension of detection time by 
treatment with different acids at lOOmM on S. enteritidis stored at 15°C I l l
4.28 Survival cells and detection times to S.enteritidis in mayonnaise stored
at 15°C and 4°C.................................................................................................114
5.1 ATP measurements of healthy and acid-injured cells of S.enteritidis  131
5.2 SDS-Polyacrylamide gel electrophoresis of healthy and stressed
cells of S.enteritidis (experiment 1) ......................    135
5.3 SDS-Polyacrylamide gel electrophoresis of healthy and stressed
cells of S.enteritidis (experiment 2 ) ............................................................... 136
6.1 Recovery of acid-injured Salmonella in Buffered peptone water.................  155
6 .2  Recovery of freeze-injured Salmonella in Buffered peptone water..............  156
6.3 Recovery of heat-injured Salmonella in Buffered peptone water.................  157
6.4 Recovery of heat-injured Salmonella in Lactose broth  ...................  158
11
6.5 Recovery of freeze-injured Salmonella in Lactose broth.............................  159
6 .6  Recovery of acid-injured Salmonella in Muller Kauffmann
Tetrathionate broth............................................................................................160
6.7 Recovery of acid-injured Salmonella in Rappaport Vassiliadis
broth.................................................................................................................. 161
6 .8  Recovery of acid-injured Salmonella in Selenite cystine broth.................... 162
12
FIGURES IN APPENDICES
FIGURE PAGE
1. Calibration curve of Listeria monocytogenes (F6881)..........................    212
2. Growth of L. monocytogenes at 15°C after storage in citric acid
at pH 4.5............................................................................................................. 213
3. Growth of L. monocytogenes at 15°C after storage in Hydrochloric
acid at pH 4.5.......................................................................................................213
4. Growth of L. monocytogenes at 15°C after incubation in Acetic
acid at pH 4.5...................................................................................................... 214
5. Growth of L. monocytogenes after heat injury at 55°C.....................................215
6 . Growth of L. monocytogenes after heat injury at 60°C.....................................215
7. Measurements of the lag phase of sub-lethally heat-injured
L. monocytogenes cells........................................................................................216
13
LIST OF TABLES
1.0 Formulae and pKa values of organic acids..............................................................26
4.2 Effect of different acids on the lag phase of S.enteritidis and on the
detectiortime..........................................................................................................108
5.1 Minimum inhibitory concentration of chloramphenicol (M IC )..............................132
TABLE PAGE
14

CHAPTER 1
F O O D  P R E S E R V A T I O N  A N D  C E L L  I N J U R Y
Foodbome disease has been defined as "any disease of an infectious or toxic 
nature caused or thought to be caused by the consumption of food or water" 
(Adams and Moss, 1995).
Reported cases of foodbome diseases increase year by year despite the 
control programmes in Europe and other countries. At the same time, consumers 
demand fresher, more natural and less heavily processed and preserved foods 
(Gould, 1995). For these reasons, more reliable and faster techniques need to be 
developed in order to assure the safety and better quality of food products.
This chapter reviews some of the main reasons that make the microbiological 
control more difficult and underlines the importance of a good understanding of 
how microorganisms react and behave in severe and stressed conditions.
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1.1 FOOD PRESERVATION PROCEDURES
In food preservation, several physical or chemical techniques are currently used to 
inactivate microorganisms or control their growth in different food products.
1.1.1 Physical treatments
1- Heating:
The use of elevated temperatures is one of the most common forms of food 
preservation procedures used today. Thermal processing at temperatures in the 
range of 60-80°C is used in pasteurization treatments to k ill non-sporeforming 
organisms to extend shelf life and improve safety. For shelf stable products 
heat processes in the region of 121°C are required to eliminate spores (Adams 
and Moss, 1995).
Numerous studies have shown that high temperatures can have lethal effects on 
microorganisms. For example, in a recent study carried out by MacDonald and 
Sutherland, Gram- negative bacteria such as Pseudomonas fluorescens,
17
Klebsiella ozoaenae etc, were shown not to survive and were not recoverable 
after heating for 30 minutes at 65°C, 6 8 °C and 72°C. They observed similar 
results in the case of Listeria monocytogenes (MacDonald and Sutherland, 
1993).
2. Low temperature:
Chilling (refrigerator temperature, 4°C and freezing are techniques which have 
been used for many years in order to inhibit or completely prevent the growth 
of microorganisms (Gould, 1995).
Some pathogenic microorganisms such as Listeria monocytogenes can grow at 
chill temperatures even below 1°C, but at a slower rate. Chilling may k ill some 
microorganisms but can cause injury known as cold shock. Its extent depends 
on the type of microorganism present, the rate of chilling and the phase of 
growth of the microorganisms (Adams and Moss, 1995).
Freezing w ill also kill or damage some microorganisms. Damage of cells after 
freezing has been demonstrated by many researchers (Sinskey and Silverman, 
1970; Sorells et a l 1970; Ray et al., 1971). Some types of food spoilage 
microorganism can slowly multiply at sub-zero temperatures such as -7°C  
(Russell and Gould, 1991), but at -18°C or below microbial growth is
18
prevented completely.
The prevention of growth is not only a result of the very low temperature in 
which chemical reactions are very slow, but also because the water activity of 
frozen foods decreases due to the removal of water in the form of ice (Adams 
and Moss, 1995).
3. Freeze-drving and Drying
Removal of moisture from food such as in freeze-drying or drying of products 
can cause reduction of water activity and therefore growth can be prevented. 
Reduction in the numbers of microorganisms present in different samples after 
freeze-drying has been demonstrated by many researchers (Sinskey and 
Silverman, 1970; Sorells et a l 1970; Ray et a l 1971; Mackey and Derrick, 
1982). However many microorgnisms survive. It is after all like freezing a 
technique for preserving microbial cultures.
4. Irradiation
The use of U V  radiation and ionising radiation are other procedures used to kill 
microorganisms (Abbiss, 1983). Ionising radiation includes x-rays, beta
19
particles and gamma rays. This type of radiation has created interest in food 
preservation and especially for the elimination of Salmonella from egg and 
other products. In the case of U V  radiation, quantum energy is used to induce 
photochemical reactions (Adams and Moss, 1995). This influences the 
metabolic processes in microorganisms and lead to the dysfunction of cells that 
can cause death. However, the fact that U V  radiation can sometimes cause 
spoilage of products and can also be considered harmful to humans made its use 
more rare compared to the other preservation procedures.
Use of gamma irradiation was shown to be effective in sterilising or 
pasteurising food products at a dose of 2-3 KGy (Corry et a l., 1995).
1.1.2 Chemical treatments
Chemical treatments are another way of preservation. This involves altering the 
pH (Mendonca et al., 1994), and adding different food preservatives ( Hurst, 
1977; Adams et a l., 1991; Tassou et al., 1995; Brocklehurst et al., 1995).
1. Effect of pH on growth and survival of microorganisms
Altering the pH is an important factor in food preservation since the growth of 
microorganisms can be controlled. Most food spoilage bacteria grow optimally
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in the range pH 5-8. Additionally moulds and yeasts can grow in more acidic 
environments and for this reason they are involved in the spoilage of very 
acidic products such as fruit juices (Deak and Beuchat, 1993). The pH of foods 
can be reduced during processing, either by the addition of different acidulants 
or by fermentation (Robinson and Tamime, 1981). These procedures can 
disrupt regulation of the internal pH of the cells, since the cells lose their 
ability to retain or exclude hydrogen ions and to maintain the appropriate pH 
required for growth. As a result, the synthesis of cellular components can be 
inhibited and the cells can be injured or even killed (Ahamad and Marth, 
1989).
2. Different antimicrobial agents and addition of food preservatives
Chemical food preservatives have been used widely over the years to inhibit 
microorganisms. However, the addition of different chemicals in a food product 
is considered by consumers unnatural, and therefore this procedure is now more 
restricted and controlled (Adams and Moss, 1995). These antimicrobial agents 
include different organic acids or esters, such as, acetic acid used for example 
in pickles and salad dressings, propionic acid used in bread and jam, lactic acid 
used mainly in dairy products and fermented meat, citric acid used in cheeses,
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jams, non alcoholic drinks etc. ( Biemueller et al., 1973; Anderson and 
Marshall, 1989; Russel and Gould, 1991). The action and activity of these 
acids is reviewed below.
The addition of different compounds such as lemon, thyme, oregano, bay, 
clove, cinnamon, coriander etc. has also been shown to inhibit the growth of 
Salmonella (Shelef, 1983; Nychas, 1995). For this reason, it was concluded 
that the food composition can also affect the behaviour of microorganisms, and 
that the fat and protein content, (Rico-Munoz and Davidson, 1983) as well as 
the salt and spices all have preservative action and can be considered as 
antimicrobial agents.
1.2 CELL INJURY: 
CAUSES, GENERAL CHARACTERISTICS AND REPAIR
1.2.1 Treatments that cause injury
Many of the treatments mentioned above exert a lethal effect and a proportion
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of surviving organisms may be injured or stressed (Abbiss, 1983).
Characteristics of injury are discussed later.
In a study, carried out by Ray et al., (1971), cells of Salmonella anatum were 
injured by freeze-drying and freezing. After 24hrs of storage, in the case of 
freeze-dried cells, 60% of the cells had died and 70% of the surviving 
population was shown to be injured. Similar degree of injury was shown in the 
case of frozen and slowly thawed cells, although death rate in this case was 
much slower. Sublethal injury of microorganisms, due to freezing has been 
demonstrated by many other researchers (Moss and Speck, 1963; Postgate and 
Hunter, 1963).
Injury was also caused in heat treated Gram negative cells (Mackey and 
Derrick, 1982, 1984; Murano and Pierson, 1992; MacDonald and Sutherland, 
1993).
Cells of Salmonella typhimurium surviving treatment with ionising radiation 
were also found to exhibit injury. (Mackey and Derrick, 1982).
Addition of food preservatives such as salt and different organic acids have 
been shown to have lethal effects on microorganisms, but not much attention 
has been given to the extent of sublethal injury these compounds cause on the 
microbial cells.
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1.2.2 Organic acids and their mode of action as preservatives
Organic acids can have inhibitory effects on the growth of microbes depending 
on the ability of the acid to enter the cell, the capacity of the organism to 
metabolise the acid, and the concentration of the acid present (Eklund, 1989; 
Cherrington et al., 1991). For many years organic acids such as lactic, acetic, 
propionic, etc, have been used as preservative agents in food, drink, and 
pharmaceutical products (Richards et al., 1995). Acidification by either 
fermentation or the direct addition of acid has been shown to injure 
microorganisms associated with foods (Minor and Marth, 1972; Busta, 1976; 
El-Gazzar et al., 1987).
1.2.3 Chemistry of organic acids
Organic acids are weakly acidic since in aqueous solution they do not 
completely dissociate. They are distinguished from other acids in that they
24
contain a carboxyl (-COOH) group to which a hydrogen atom or an organic 
group can be attached (Cherrington et al., 1991). According to their carbon 
chain length these acids are classified into short-chain fatty acids, SCFA, 
which contain 1-6 carbon atoms, medium-chain fatty acids, M C FA , which 
contain 7-10 carbon atoms, and long-chain fatty acids, LC FA , which have 11 
carbon atoms or more.
The relative strength of an acid is reflected in its dissociation constant Ka 
which is independent of acid concentration (Richards et al., 1995).
This is because when the acid [HA] dissociates in water to anion (A ') and 
proton (H +) the pKa constant at equilibrium can be expressed as: 
pK a= -log[Ka] where Ka is the ratio [H +] [A ] / [H A]. Dissociation of weak 
acids increases as pH values approach neutrality.
Some of the pKa values of organic acids that are used as food preservatives 
are shown below in Table 1:
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TABLE 1
Formulae and pKa values of organic acids .(Richards et a l 1995)
FO R M U LA pka
Acetic CH3COOH 4.75
Citric HOOC.CH9.C(OH).CH%COOH 
~ 1 
COOH
3.10
Lactic CH 3CH(OH)COOH 3.86
Propionic c h 3c h 2c o o h 4.87
1.2.4 Antibacterial activity of organic acids.
The antimicrobial activity of organic acids is explained by the depression of 
pH below the growth range and metabolic inhibition by undissociated acid 
molecules (Ray, 1986; Russell, 1992). Since the acid molecules are lipid 
soluble they can diffuse freely across the cell membrane (Nunn, 1987). The 
undissociated molecules are able to enter the microbial cell, release hydrogen
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ions to acidify the cytoplasm and eliminate the proton gradient across the cell 
membrane, which is crucial to the functioning of the organism (Booth and Kroll 
1989). It w ill also release the acid anion in the cell which can exert its own 
toxic or inhibitory effect.
In 1987, Nunn observed that Gram negative bacteria are capable of 
metabolizing LCFA and M C FA , and that bacteria can utilize acetic acid, 
(SCFA), as a carbon and energy source by inducing enzymes of the glyoxylate 
pathway, such as malate synthase, which allows net absorption of carbon 
(Nunn, 1987). The ability of the organisms to metabolize SCFA may affect the 
antibacterial activity of the acid. Furthermore, evidence showed that exposure 
of bacteria, i.e: Salmonella, to sublethal acidic conditions increases their 
acid tolerance and this favours their survival in environments with lethal pH 
values (Russell, 1992).
Inhibition by organic acids is often reversible since acid-treated cells could 
grow when placed in an acid-free medium (Blankenship, 1981).
With decreasing pH value the antimicrobial activity of organic acids increases 
since a greater proportion exists as undissociated molecules. G ill and Newton 
(1982) reported that the inhibitory action of lactic acid was primarily due to 
low pH rather than to the amount of undissociated acid present. However,
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Adams and Hall (1988) showed that the inhibition of growth rate of both 
S. enteritidis and E. coli mirrored the % dissociation curve for both acetic and 
lactic acids. It has been generally assumed that it is the undissociated molecule 
that is the principal antimicrobial agent.
The use of organic acids as disinfectants (Bohm, 1987) and decontaminants of 
carcass meat (Smulders et al. 1986) and in scald water (Cherrington et al. 
1992) in poultry process has been investigated.
In 1986, Bell eta l. prepared a mixture of 0.046% formic acid with 0.6% acetic 
acid and compared the effectiveness of the mixture with 1.2% of acetic acid. 
They concluded that both samples showed a similar degree of lethality on 
microorganisms when added on a beef surface. In another study, acetic acid 
and lactic acid at different concentrations were also shown to reduce the 
number of microorganisms present on beef (Anderson and Marshall, 1990). 
The same authors, prepared an acid mixture containing 2% acetic, 0.3%  
ascorbic and 0.25% lactic acid and concluded that this mixture was more 
effective than acetic or lactic acid alone at similar concentrations (Anderson and 
Marshall, 1990).
However, acetic acid was shown to be more effective when the microflora on 
beef tissue was subjected to osmotic stress by physical or chemical dehydration 
(Dickson, 1990). In none of this work was the extent of sublethal injury 
induced by acid treatment investigated.
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1.2.5 General characteristics of injured microbes and mechanisms of 
cellular repair
Cell injury can manifest itself in a number of ways. Hartseli was one of the 
first investigators to define injured cells as those capable of forming colonies 
on non selective media, but not on selective media (Ray, 1979), since damaged 
cells are sensitive to selective agents such as bile salts or antibiotics. In  a 
study carried out by Clark and Ordal (1969) S.typhimurium was injured by 
heat and a prolonged lag phase was observed (Ray, 1979). This was then 
thought to be a characteristic feature of injury.
Some investigations have been carried out to determine the sites of cellular 
damage and mechanisms of cellular repair. From the results, it has become 
clear that although different sublethal treatments and bacterial species were 
involved, injured cells have considerable similarities in the mechanisms of 
injury and repair.
1. W all damage
A ll Gram negative rods lost periplasmic enzymes after freezing; lysozyme
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converted them to spheroplasts and they became sensitive to deoxycholate and 
ethylenediamine-tetraacetic acid (MacLeod and Calcott, 1976). There is 
evidence that the Gram-negative wall with its outer membrane, serves as the 
barrier to the penetration of detergents and the cytoplasmic membrane acts as 
a barrier to other substances such as salt. Conditions that lead to the repair 
of the outer membrane can restore resistance to deoxycholate but not resistance 
to salt (Calcott and Macleod, 1975).
2. Damage to cell membrane
There is now evidence that high temperatures can damage the outer and plasma 
membranes which are very important targets for many antimicrobial agents. In
S.typhimurium loss of 260- and 280 nm absorbing material such as amino acids 
and nucleotides was detected after high temperature treatment (Lee and 
Goepfert, 1975). Also loss of Na+, K +, and Mg2+ has been reported (Hurst et 
al., 1973; Earnshaw et al., 1995). Similar observations have been made in 
E.coli when damage occurred by freezing and thawing (Calcott and MacLeod, 
1975). Lipid loss has also been reported for heated S.typhimurium cells and for 
Staphylococcus aureus (Tomlins et al. 1972; Hurst et al. 1973).
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3. Damage to ribosomes and rRNA
In the microbial cell ribosomes maintain their structural conformation with the 
help of ribosomal RNA in order to maintain protein synthesis (Fellner 1974). 
It has been shown that at the early stages of heat injury in a microbial cell, 
RNA modification occurs. Strange and Shon (1964) working with heated cells 
of Aerobacter aerogenes suggested that damage to ribosomes was a 
consequence of the loss of Mg2+, since Mg2+ is required for the stabilisation 
of ribosomes. Similar results were shown by Hurst (1974) after S.aureus lost 
40% of its cellular Mg2+ when heated in potassium phosphate buffer. However 
Lee and Goepfert showed that though heating Salmonella at 52 °C in phosphate 
buffer caused RNA destruction, conditions under which no RNA breakdown 
occurred, still resulted in injury to the cell population (Lee and Goepfert, 
1975; Tomlins and Ordal, 1976). Anderson et al. (1991) and Mackey et al. 
(1991) using differential scanning calorimetry have shown clearly the 
denaturation of ribosomes during heating. They compared the thermographs of 
whole healthy cells and those after heat injury, and they demonstrated that 
ribosomal degradation caused double peaks. These peaks seemed to disappear 
when 9% of NaCl was added to the broth containing Listeria monocytogenes 
(Stephens and Jones, 1993). This suggests that in the presence of salt the 
microorganisms become more heat resistant, therefore a higher temperature is
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4. Damage to DNA
In 1975 Gomez and Sinskey showed single strand breaks in the bacterial DNA 
as a consequence of mildly heating S.typhimurium. Single strand breaks were 
also reported in E.coli after mild heat and ionizing radiation (Sedgwick and 
Bridges, 1972; Pauling and Beck, 1975). They also stated that DNA damage 
is not an important factor in spore death as DNA repair takes place during 
germination and outgrowth.
5. Inactivation of enzymes
ATPase has been shown to be involved in the heat resistance of microorganisms 
(Coote et al., 1991). When cells of Saccharomyces cerevisiae were exposed to 
lethal temperatures it was shown that the activity of the ATPase was increased 
(Coote et al., 1994). This activation is thought to be due to a mechanism that 
enables the restoration by the cell of its intracellular pH, since after heat 
injury a decrease of the pH took place. However, sublethal injury caused a
required to cause denaturation (Bean and Roberts, 1974; Tuncan and Martin,
1990; Stephens and Jones, 1993).
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Enzymes such as dehydrogenase were inactivated in mildly heated cells of 
S.typhimurium and Staphylococcus aureus (Tomlins et al., 1971).
The transport of amino acids and sugars was also abolished.
In a study, carried out by Yancey et al.(1992), it was shown that during injury, 
low molecular weight compounds were accumulated inside the cell. It was 
suggested that these organic compounds called osmolytes, are amino acids 
capable of protecting enzymes against heat inactivation. The stabilising effect 
of osmolytes on the thermal stability of proteins has been reported by other 
authors (Santoro et al., 1992; Taneja and Ahamad, 1994).
Evidence exists that microorganisms not only contain mechanisms of repair but 
also can adapt to different sublethal treatments. For example, during heat 
injury, the cells accelerate the production of heat shock proteins within a very 
short time (Yamamori et al., 1978). In E.coli five cellular proteins increased 
five to ten fold within six minutes after an increase in the internal temperature 
of the cell. Many other studies also showed increased heat resistance of 
microorganisms following sublethal heat treatments (Mackey and Derrick, 
1986a; Mackey and Derrick, 1987; Linton et al., 1990; Murano and Pierson, 
1992; Humphrey et al., 1993). It is suggested that heat shock proteins are 
essential for the recovery of stressed cells, and that during thermotolerance
50% drop in the levels of ATPase that exist in the cell membrane.
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they remove denatured proteins (Schlesinger, 1990). Morris (1993), also 
showed that some heat shock proteins of E.coli take part in nucleic acid 
synthesis, cell division and motility by synthesis of the flagellum. Despite 
these studies, there is still not enough evidence to show whether heat shock 
proteins are the main and important factors and are related with the heat shock 
induced thermotolerance (Boutibonnes et al., 1992; Weber, 1992).
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CHAPTER 2
SALMONELLA: A FOODBORNE PATHOGEN
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2.1 CHARACTERISTICS OF SALMONELLA
Salmonella is a genus of Gram negative bacteria of the Enterobacteriaceae. The 
cells are small, 0.5 to 1.0 /on wide and 1.0 to 5.0 pm  long, non-sporing rods 
(Murray et al., 1990). They produce acid and gas from glucose, maltose, 
mannitol and sorbitol; S.gallinarum and S.typhi are exceptions since they do not 
produce gas. Lactose is not usually fermented. All species are oxidase negative 
and catalase positive. The temperature growth range of Salmonella is from 5 
to 47 °C with an optimum value at 37 °C (Matches et al., 1968). The optimum 
pH for growth is around neutrality and Salmonella can grow best in the range 
of pH 6.6 to 8.2 (Prost and Riemann, 1967). However, it can adapt to survive 
conditions of severe low pH (3.3) stress (Foster, 1993). All Salmonella spp. 
are facultative anaerobes, but grow more rapidly under aerobic conditions. 
Recently, due to DNA-DNA hybridization, a single species of Salmonella has 
been named S.enterica and contains seven subspecies (Adams and Moss, 1995). 
Some salmonellas are species- or genus- specific in their interaction with their 
host; for example S.typhi and S.paratyphi type A infect only humans and can 
cause enteric fevers and in particular typhoid and paratyphoid fever respectively 
(Granum et al., 1995). Septicaemia is another human disease, caused by 
S.cholerae-suis, which can lead to infections such as osteomyelitis, endocarditis 
or arthritis.
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Other serotypes such as S.enteritidis and S.typhimurium can multiply in the 
intestinal lumen and cause acute gastroenteritis, the so called food poisoning. 
This is the most common form of Salmonellosis. Symptoms generally appear 
6 to 48 hours after consumption of contaminated food products. The symptoms 
of the infection include nausea, vomiting, diarrhea, temperature, sometimes 
abdominal cramps, myalgia and headache.
2.2 ANTIGENIC STRUCTURE AND CLASSIFICATION
Salmonellae are characterised antigenically by their somatic (O), flagellar (H), 
and capsular (K) antigens (Adams and Moss, 1995). The somatic (O) antigens 
are carried on the poly-saccharide side chains of the LPS molecules in the outer 
membrane. The K antigens are associated with the capsule and the H antigens 
are present on flagella.
According to work carried out by Kauffmann and White, Salmonella spp. were 
classified by antigenic analysis (Jay, 1986). Major O antigens, strongly - 
reacting, were used in order to divide Salmonella into groups by alphabetical 
order A,B,C, etc. Also minor (weaker) O antigens may be present and shared
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between groups.
Furthermore, each serotype is defined by the H antigens; phase 1 are described 
by small letters and those of phase 2 are described by numbers. For example: 
S. enteritidis belongs to group D according to O antigens and can be described 
as 9 ,12:g ,m :l,7  [9 major and 12 minor O antigens : phase 1H antigens g and 
m: phase 2 antigens 1 and 7]. S.typhi and S.paratyphi also possess an antigen 
called virulence (Vi) antigen which is carried by a glycolipid capsule and 
inhibits agglutination by anti-O sera.
An antigenic formula was given to 2200 and more serotypes which are 
classified by the Kauffmann-White classification scheme.
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2.3 PATHOGENESIS
All species of Salmonella are considered to be pathogenic for man.
Infection commonly occurs by consumption of contaminated foods of animal 
origin such as undercooked meat and poultry, meat products, raw milk, eggs 
and egg products (Murray et al., 1990; El-Gazzar and Marth, 1992). Even 
though Salmonella is a frequent cause of foodborne infections, a large dose 
(107-109 bacteria) is required for the development of symptomatic disease.
Multiplication of the pathogen takes place in the intestine, where the Salmonella 
cells invade the epithelial cells, and often proceed into reticuloendothelial 
cells (Takeuchi, 1965). There, Salmonella bind to the top (called apical) part 
of the polarised epithelial cells, causing loss of epithelial microvilli and 
disruption of the epithelial junctions (Finlay and Falkow, 1989). In a study 
carried out by Finlay and Falkow (1989), it has been shown that when 
Salmonella binds to the epithelial cells it synthesizes many new polypeptides 
necessary for the invasion into the cell. All the strains of Salmonella are 
invasive in Vero cells (Barrow, 1991) and S.enteritidis PT4 was shown to be 
more invasive than other types. Once inside the cell, Salmonella can survive 
and multiply and hence cause illness.
In 1975 Koupal and Deibel demonstrated an enterotoxin which is thought to be
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responsible for the pathogenesis of some Salmonellae species (Koupal and 
Deibel 1975). They injected S. enteritidis orally into mice and they described a 
cell wall associated enterotoxin that was responsible for the intestinal fluid 
loss. This loss was due to the high concentrations of cyclic AMP in the 
cytoplasm and due to the activation of adenylate cyclase localized in the 
cytoplasmic membrane of host epithelial cells (Suzuki, 1994).
Later studies also showed that the enterotoxin acts on the intestinal mucosa to 
reverse the normal flow of electrolytes and water and therefore causing 
diarrhoea (Houston et al., 1981).
The enterotoxin is produced mainly during the stationary phase of growth and 
it is heat labile at 100°C (Scotland, 1988).
Also it appears that another toxin, a cytotoxin, is involved in the pathogenesis 
of Salmonella (Koo and Peterson, 1982). This toxin which is a component of 
the outer membrane of the bacterium is a heat labile protein with molecular 
weight of 78,000. Cytotoxin is responsible for the cellular damage that occurs 
to the intestinal mucosa, since it inhibits protein synthesis of the epithelial cells. 
Salmonella easily invades the damaged intestinal mucosa and bring about 
additional tissue damage (Koo et al., 1984).
The Lipopolysaccharide (LPS) of the bacterial cell wall is another factor
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LPS consists of lipid A which can activate macrophages. Also it contains an O- 
side chain oligosaccharide which is involved in the resistance of Salmonella to 
lysis.
involved in the pathogenesis of Salmonella.
2.4 OUTBREAKS OF SALMONELLOSIS
The 5th report of the World Health Organisation Surveillance Program for 
foodborne infections and intoxications for Europe 1985-1991, showed that for 
the majority of European countries Salmonella is the cause of most foodborne 
infections. Similar observation was made by the Advisory Committee on the 
Microbiological Safety of foods (1993), who reported that Salmonella was also 
the most common isolate organism in Austria, Bulgaria, Czechoslovakia, 
Finland, France, Germany, Spain, Romania, Poland, Switzerland and 
Argentina.
In Argentina, for example, until 1969 the incidence of salmonellosis was only 
6% in comparison to other enteropathogenic agents (Caffer and Eiguer, 1994). 
Since then they have increased to account for 32% of the total. Even more 
dramatically, in 1986, 150 individuals were infected and by 1993 there were
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In Poland, the incidence of S.enteriditis has also reached very high levels 
(Glosnicka and ICunikowska, 1994). In 1961, 256 cases of S.enteritidis were 
reported compared to 4725 cases caused by other Salmonella serotypes. 
However, by 1991 a significant increase of S.enteriditis cases was observed 
when 72,124 cases were reported compared to 4,767 reported cases of other 
Salmonella serotypes. Salmonella infections have caused dangerous epidemics 
in Poland. The first, during 1962 to 1976 affected 59,513 individuals, causing 
serious diseases and death of many children. The second one which occurred 
in 1980 and 1981 was milder in terms of its mortality rate, but affected ten 
times more people and is still continuing.
S. enteritidis is currently the dominant serotype in Italy as well, with an 
increase from 2.4% in 1982, to 57.1 % in 1992 (Fantasia et al., 1991; Scuderi 
et al., 1992; Fantasia and Filetici, 1994).
6,230 reported cases. Between 1987 and 1990, the most common serovar in
human isolations was Salmonella enteritidis. During 1991 and 1992,
S.enteritidis came second after Salmonella typhimurium.
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The most frequently described bacteriophage type in S. enteritidis infections 
mentioned above, is phage type 4 (PT4).
In Canada, S.enteritidis infections were 4.2% between 1976 and 1989 
compared to 9.2% of all Salmonella isolates; in 1991, the cases increased to 
12.5% (Khakhria et al., 1991; Poppe, 1994).
In the UK from the spring of 1988 until 1993 there was a marked increase in 
reports of outbreaks of foodbome infection, again due to S. enteritidis (Radford 
and Board, 1993). Between 1981 and 1992 reported cases of Salmonellosis 
caused by S. enteritidis in England and Wales increased from 1,727 to 11,624 
per year (Advisory Committee, 1993).
In all the above cases, the main cause of infection by S.enteritidis was eggs 
and egg products, such as ice cream and cakes (Coyle e ta l ., 1988; Humphrey, 
1990; Rodrigue et al., 1990; Glosnicka and Kumkowsk'a, 1994; Humphrey, 
1994). Other food products were also found to be contaminated by S. enteritidis', 
these involved poultry, processed meat, milk and milk products (Fantasia and 
Filetici, 1994).
Humphrey in 1990, however, observed that the most common cause of
43
infection of Salmonella enteritidis in the UK is home made mayonnaise made 
from raw eggs (Radford and Board, 1993). In 1987, in the United States, 965 
patients were infected due to salad consumption prepared with mayonnaise, 
and nine of them died (Mason, 1994). Many other cases of such outbreaks due 
to mayonnaise were also reported in other places such as in the City of 
Westminister, in the House of Lords, at wedding receptions etc.
The widespread increase in the number of cases of Salmonella infection in 
recent years has major economic and social consequences (Humphrey et al., 
1988; Sockett, 1991).
The costs not only involve these associated with the investigation, the treatment 
and prevention, but also the food chain production itself.
For this reason, there is a demand for faster, reliable techniques for the 
enumeration and accurate detection of Salmonella in foods.
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2.5 METHODS FOR THE DETECTION OF 
SALMONELLA IN FOOD PRODUCTS
Many different methods have been developed for the detection and isolation of 
Salmonella from food products. However, there is still a demand for methods 
that would be more reliable, less time consuming and which at the same time 
can assure safety and quality.
Some of these methods are discussed below.
2.5.1 Conventional Methods
The conventional methods for the detection of Salmonella in foods involve a 
series of cultural steps. These include:
1. Pre-enrichment step to allow recovery of injured cells, usually in Lactose 
broth or Buffered Peptone Water (van der Zee, 1994) for 16-20 hours.
2. Selective enrichment, to increase the number of Salmonella present by 
allowing growth, while inhibiting other competitive microflora (Litchfield 1973; 
Arroyo and Arroyo, 1995). This step could last from 18 to 48 hours.
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3. Selective isolation on agar plates such as BGA and XLD, usually 24-48 
hours (D ’Aoust, 1981; D ’Aoust, 1984; Rappold e /a / .,  1984; Andrews, 1985; 
Fricker, 1987; Perales and Audicana 1989).
4. Serological and biochemical tests to confirm the presence of Salmonella 
(4-48hours).
Conventional methods are labour intensive and time consuming. For this reason 
several attempts have been made to reduce the pre-enrichment or selective 
enrichment stage down to 6-8hours (Andrews, 1995). In many cases this has 
led to an under-estimate of colony counts, and false negative results were 
obtained (Rappold et al. , 1984; D ’Aoust et al., 1990; Allen et al., 1991). 
Another attempt has been made to combine the pre-enrichment and selective 
enrichment step (Sveum and Hartman, 1977). This method was also shown to 
be unsuccesful since the time required to obtain results was not different from 
the one needed by conventional methods.
In other studies, addition of ferrioxamine-type siderophores E and G 
(Reissbrodt and Rabsch, 1993) or novobiocin and cefsoludine (Humphrey and 
Whitebread, 1992) to Buffered Peptone Water during pre-enrichment and of 
ferrous sulphate to Tryptose Soya Broth (Gast, 1993) were shown to improve 
the isolation of Salmonella enteritidis in egg products. However it is still
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unclear whether these supplements can be efficient in the presence of other 
serovars.
In the case of selective enrichment it has been shown by many authors that 
semi-solid media based on Rappaport Vassiliadis medium favour the isolation 
of Salmonella (Goossens et al., 1984; Netten etal., 1991; Perales and Erkiaga,
1991). These media all contained 0.001 %-0.002% sodium novobiocin. By using 
the semi-solid media salmonella can migrate through the selective agar forming 
motility zones. In the case of Diagnostic Semi-solid Salmonella Agar many 
authors reported high isolation rates for Salmonella (Van der Zee et al., 1991). 
Additionally, Poppe et al. (1992) showed that the Modified Semi-solid 
Rappaport-Vassiliadis medium gave superior results in the isolation of 
Salmonella enteritidis from faeces or contaminated samples with faeces 
including feathers and dust. However, Perales and Erkiaga (1991) showed that 
a semi-solid RV medium was more productive than MSRV and more efficient 
and sensitive than other standard plating media (Perales and Audicana, 1989).
The fact that most salmonella serotypes are motile led to the development of 
many other enrichment techniques.
These include the Oxoid Salmonella Rapid Test (Unipath), that has been 
developed by Holbrook et al. (1989a) and found to be the most effective rapid
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method for Salmonella (Holbrook et al., 1989b).
In this method a series of biochemical tests are involved. Salmonella migrate 
from a broth into selective and diagnostic media that are present in tubes. 
Positive tests are confirmed by serological agglutination with antibody-coated 
latex.
2.5.2 Electrical Impedance Methods
Electrical methods have the advantage of requiring only a few hours to obtain 
a result, rather than one to three days needed for conventional colony count 
estimates. For example, a total viable count of approximately 105cfu/ml can be 
detected by impedance in 4-5 hours (Eden and Eden, 1985).
Electrical measurements have been used to estimate total colony counts in 
pharmaceutical and cosmetic products (Connolly et al., 1994) as well as in a 
variety of food stuffs such as raw meat, milk etc (Gnan and Luedecke, 1982).
Machines such as the Bactometer can measure changes in the electrical 
properties of media and can monitor growth of bacteria over a period of time. 
Electrical changes occur in the medium as the bacteria grow (Falco et al.,
48
During growth, small highly charged molecules (fatty acids, amino acid, lactic 
acid) are generated as a result of metabolism of uncharged compounds or 
macromolecules of low overall charge i.e: lipids and proteins. The impedance 
of the medium, the resistance to flow of alternating current, decreases while 
the conductance and capacitance increase.
At present, impedimetric instruments are the most highly developed systems for 
automated microbiological analysis. The current available systems are the 
Bactometer (bioMerieux UK Ltd, Basingstoke), the Rabit (Don Whitley 
Scientific Ltd, Shipley) the Malthus (Radiometer, Crawley) apparatus and the 
Bac Trac (Sy-Lab, Purkersdorf, Austria) (Blackburn, 1993).
Automated conductance measurements were used as a model system for 
studying modes of drug action (Dale and Edwards, 1989). However, the largest 
impact of electrical methods so far, has been in the analysis of food and 
medical specimens requiring the enumeration or detection of microorganisms.
Interest has been also shown in the detection and screening of pathogenic 
organisms such as Salmonella. A high correlation was reported between log10 
counts and detection times when applied to the growth of Salmonella spp. in 
pork slurries (Gibson, 1988). In 1990, Forsythe used increased detection times
1993).
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By monitoring the conductance change of a selenite-cystine broth containing 
dulcitol (SC/T/D) and trimethylamine-N-oxide (TMAO), Ogden and Cann 
(1987) where able to detect low numbers of Salmonella after 14-30 hours. 
However, some dulcitol negative salmonella strains caused false results. For 
this reason, mannitol was added to the broth instead of dulcitol. In another 
study, It was shown that Deoxyribose was more efficient than dulcitol and 
mannitol in detecting Salmonella since the false positive rate caused by E. coli 
and Citrobacter species was reduced (Pettipher and Watts 1989). The false 
positive results caused by Citrobacter were also reduced when a lysine broth 
was developed containing sodium biselenite (Ogden, 1988).
Falco et al., (1993) also detected Salmonella in fresh meat using another 
modified impedance method. This involved initially the enrichment of meat 
samples in Selenite Cystine broth, and then the addition of the broth into the 
Bactometer containing MPCA (Vitec), novobiocin and malachite green. 
Additionally, they indicated that this rapid method is more reliable and faster 
for detecting Salmonella than other traditional techniques.
in order to determine the lethal effect of direct acting mutagenic compounds on
Escherichia coli (Forsythe, 1990).
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In practice, however, there are several factors to consider when impedimetric 
techniques are used for food analysis. These are the incubation temperature, the 
electrical signal monitored, and the selection of media.
Despite the fact that electrical measurements have been shown to be less time 
consuming and reliably estimate total viable organisms than conventional 
methods, not much is known how effective these methods are for detecting 
sublethally injured cells.
2.5.3 Immunoassays
The development of rapid Salmonella detection methods that can offer efficient 
and faster results can be very beneficial for the food industry. For this 
reason, different Salmonella screening procedures have been developed over the 
years. These involve a variety of immunoassays which employ labelled 
antibodies, such as the use of fluorescent dyes (FA), enzymes (EIA), and 
radioisotopes (RIA).
Many authors (Insalata et al. , 1972; Early and Paterson, 1982) have shown that 
the Fluorescent-antibody technique enables the detection of Salmonella in foods,
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feeds and animal slurries. However, a high rate of false negative results was 
observed (Thomason et al., 1975; Thomason, 1981) since this technique 
requires a large number of microorganisms to be present (Flowers et al., 
1988).
On the other hand, radioimmunoassays are more sensitive than FA procedures 
but more impractical since the handling of radioisotopes requires a lot of 
safety measures and expense (Blackburn, 1993).
The use of a direct enzyme immunoassay in comparison with fluorescent 
antibody technique was shown to be very similar in practice but more sensitive 
to Salmonella (Swaminathan and Ayres, 1980). In this method, brown-stained 
cells were identified as being Salmonella using a microscope after an enzyme- 
labelled antibody was added and followed by an enzyme substrate. Different 
enzyme-linked immunological methods have been available in commercial kits 
for the microbiological analysis of food products. These include kits for 
Salmonella such as the Tecra Immunoassay, the Q-Trol assay and other 
Enzyme-linked immunosorbent assays (ELISA) (Flowers et al., 1988; 
Blackburn, 1993). These assays showed similar results with conventional 
cultural tests. However, ELISA methods for food pathogens can produce a 
presumptive positive result within 48 hours compared to the conventional 
procedures which require 3-4 days.
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Another attempt has been made to evaluate the Vitek immunodiagnostic assay 
system (VIDAS) using Salmonella strains (VSA) but the productivity of the 
system was not improved (Blackburn et a l 1994). Despite this, VS A results 
were obtained a day earlier using an immunomagnetic separation technique 
(IMS).
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CHAPTER 3
GENERAL MATERIALS AND METHODS
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3.1 ORGANISM, MEDIA AND CULTURE CONDITIONS
Salmonella enteritidis phage type 4 strains, P125592, P125678, P167627, 
P167627 were used. These were obtained from Dr Bernard Rowe, Division of 
Enteric Pathogens, Central Public Health Laboratory, Colindale.
In further studies, other Salmonella strains were also used. These include: 
S.typhimurium (77-7628, S-5698), S.Stanley, S.heildleberg NCTC 5717 and 
S.solt NCTC 6757. These were Kindly supplied by Leatherhead Food R.A and 
maintained at 4°C on slopes of tryptone soya agar (TSA, Oxoid CM131).
Preparation of Salmonella inocula
Salmonella strains were cultured separately in Tryptone Soya Broth (TSB, 
Oxoid CM 129) for 24 h at 37°C. Equal volumes (1.25ml) of each of the broths 
were mixed to provide an inoculum of approximately equal numbers of each 
strain. The media were prepared according to the specifications of the 
manufacturer.
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3.2 PREPARATION OF ACID BUFFER SOLUTIONS
The sodium salts of acetic, citric, lactic, and pyruvic acids were dissolved 
in separate 100ml volumes of tryptone soy broth (TSB CM 129) to give two 
final salt concentrations, lOOmM and 200mM.
Each solution, including a TSB control, was adjusted to the required pH, 
(usually 4.5, but 3.5 and 4.0 were also used in the case of citric and 
hydrochloric acids) using volumes of 2M HC1 as determined from the 
calibration curves shown in the figures below:
Note: The sodium acetate and citrate were obtained from Fisons 
Analytical Reagent; other chemicals were obtained from Sigma.
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The figure 3.0 below indicate how the pH of acetic, citric, lactic and puruvic 
acid at both lOOmM and 200mM, changes when different volumes of 
hydrochloric acid (2M) were added to the broths.
FIGURE 3.0
pH changes of 100mM sodium acetate under 
different volumes of HCL
pH changes of 200mM sodium acetate under 
different volumes of HCL
pH
HCL (ml)
pH changes of 100mM sodium citrate under 
different volumes of HCL
pH changes of 200mM sodium citrate under 
different volumes of HCL
HCL (ml)
0 0.5 1 1.0 2 2.6  3 3.6  4 4.6 6 6.6  0 6.6  7
HCL (ml)
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pH changes of lOOmM lactic acid Sodium 
salt under different volumes of HCL
pH changes of 200mM lactic acid Sodium 
salt under different volumes of HCL.
pH
HCL (ml) HCL (ml)
pH changes of 100mM pyruvic acid sodium 
salt under different volumes of HCL.
pH changes of 200mM pyruvic acid sodium 
salt under different volumes of HCL.
3.3 ACID CARRY-OVER IN THE BACTOMETER 
MODULES
To duplicate Bactometer wells containing lm l of general purpose plus medium 
(GPPM, bioMerieux), 80/d of each solution containing the acid was added at 
three dilutions (10°, 10'1 and 10'2); the diluent used in this case was the 
maximum recovery diluent (MRD, Oxoid CM773). A 20/d of the IO 3 dilution 
of an overnight broth culture of S.enteritidis grown in tryptone soya broth (TSB 
CM 129) at 37°C was also added in each well. The modules were incubated at 
37 °C for up to 24 hours with monitoring of the capacitance signal in a 
bactometer M-120SC. The detection times were then compared with those 
observed in the control (80/d of TSB).
3.4 DESCRIPTION AND CHARACTERISTICS OF THE 
BACTOMETER
The Capacitance detection time of each sample was determined in a Bactometer 
120SC sample-processing unit/incubator with a model 123 central data 
processor, which compares sample data with the product specification data. 
Also the Bactometer presents results by visual display or as a hard copy of
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sample data.
The Bactometer allows the collection of the impedance signal or its conductance 
and capacitance components. Metal electrodes are introduced into the liquid 
media, in this study General purpose plus mediufl(GPPM) was used, and an 
alternating voltage is applied. Imposition of an electrical field on an electrolyte 
solution will result in the storage of electrical energy (capacitance,C), and the 
movement of ions (conductance, G) both of which contribute to the impedance 
of the medium to the application of an alternating current (Moss and Adak, 
1986).
Capacitance is an element that stores energy in an electrical field and 
Conductance is defined as being inversly proportional to the resistance (R) and 
therefore is measured in inverse ohms or Siemens.
Electrical measurements give a curve similar to a growth curve when plotted 
over time, in that it is sigmoidal or S-shaped, and has three distinct stages 
(Fig.3.1); the inactive, active, and decline stage. However, it is not exactly 
like a growth curve, since the inactive stage (the time taken to reach a 
detection time) includes lag phase plus a period of exponential growth. 
Detection time is a function of the initial concentration of bacteria and the
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Figure 3.1 
Typical electrical response curve
growth kinetics and is usually reached when the number of microorganisms in
the medium have a concentration o f 106 - 107 cfu/ml.
The active stage is a period of rapid change in the electrical responce. This 
stage depends on the type of microorganism present, the medium used, and the 
growth conditions given, such as temperature and gas phase.
The decline stage is the deceleration of the electrical response after the active 
stage, and represents a change in the metabolic activity of the organism present.
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CHAPTER 4
ASSESMENT OF ACID INDUCED INJURY 
TO SALMONELLA
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4.1 INTRODUCTION
The last few years in the U.K there was a remarked increase in reports of 
outbreaks of foodborn infection due to S. enteritidis that were attributable to 
eggs or egg containing products such as mayonnaise (Radford and Board, 1993; 
Lock and Board, 1995).
One of the reasons for this phenomenon is that during processing of foods 
different treatments are involved (Andrews, 1986). These include heating, 
freezing, drying, addition of preservatives etc. All the above treatments could 
have lethal effects on microorganisms but they could also cause sub-lethal 
injury by damaging their structural integrity or altering their metabolic 
function. Detection of the sub-lethally injured pathogen is more difficult since 
an efficient recovery stage is very essential in order to avoid false negative 
results. Acid shock is another possible source of sub-lethal injury which has not 
received much attention, even though the effectiveness of different organic 
acids for growth inhibition or destruction of salmonellas has been extensively 
studied (Adams and Hall, 1988; Perales and Garcia, 1990; Cherrington et al
1992).
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The presence of sub-lethally injured microorganisms in processed or stored 
foods is therefore crucial due to their potential to resuscitate, multiply and 
hence cause illness (Hurst, 1977; Mackey and Derrick, 1984).
Several attempts have been made to find methods able to measure the degree 
of injury of different pathogenic populations and especially Salmonella. Some 
of these methods involve differences in the colony counts of selective and non 
selective agars, on minimal and complex agars and the determination of the 
duration of the lag phase (Wilson and Davies, 1976; Mackey and Derrick, 
1982; Mackey and Derrick, 1986).
Since the mid seventies electrical impedance measurement has been used as an 
alternative method to enumerate microorganisms in foods (Silley and Forsythe, 
1996). Impedance detection times are however affected not only by cell 
concentration, growth rate and nutritional conditions, but also by different 
sub-lethal treatments (Firstenberg and Eden, 1984). This underlines the 
importance of a thorough investigation into the assesment of sub-lethally
Characteristics of injury include inability to form colonies on minimally nutrient
media, loss o f resistance to selective chemicals, toxicity o f nutritionally rich
media and a prolonged repair period (Abbiss, 1983).
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injured cells using electrical methods since increasing reliance on such 
techniques in the food industry could mean that sublethally damaged cells may 
be underestimated when techniques are calibrated using a healthy cell 
population.
For these reasons, this study was designed having the following prime 
objectives:
1. To determine survival and the degree of sub-lethal injury of Salmonella 
enteritidis when incubated with different acids at different concentrations 
and temperatures.
2. Assessment and comparison of acid induced injury using electrical 
measurement and conventional methods.
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4.2 MATERIALS AND METHODS
4.2.1 ACID INJURY
An overnight broth culture of S. enteritidis (1ml) was added in duplicate to 
100ml of each of the acid solutions (both concentrations, lOOmM and 200mM) 
dissolved in TSB at pH 4.5 (also pH 3.5 and 4.0 in the case of citric and 
hydrochloric acid). The broths were then incubated at 15°C for 10 days. 
Samples were taken out daily and appropriate dilutions in MRD were added in 
duplicate to the surface of TSA and XLD (Oxoid, CM 469) by either spread 
plating (0.1ml) or spiral plating (0.05ml) using a spiral plater.
lOO/il of 10'1 dilution of each inoculated acid was added to 1ml of GPPM in a 
bactometer well. The modules were then incubated at 37°C for up to 24hours 
and the detection times recorded.
The experiment was repeated with the broths incubated at 4°C for 10 days.
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4.2.2 CORRELATION BETWEEN COLONY COUNTS AND 
BACTOMETER DETECTION TIMES
Healthy unstressed cells of S. enteritidis were grown in TSB for:- 
24 hours at 37 °C,
24 hours at 37°C followed by 24 hours at 15°C,
24 hours at 37°C followed by 24 hours at 4°C.
After decimal serial dilutions in maximum recovery diluent (MRD), 0.1ml of 
the 10"7 dilution was added in duplicate to the surface of pre-poured TSA plates 
by spread plating. The agar plates were then incubated at 37°C for 24 hours.
0.1 ml of each dilution was added to duplicate bactometer wells containing 1ml 
of general purpose plus medium. The modules were then placed into the 
bactometer and detection times of the capacitance signal were measured.
A calibration curve of the colony counts on TSA against detection times was 
produced.
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4.2.3 MEASUREMENTS OF THE LAG PHASE OF INJURED 
SALMONELLA ENTERITIDIS
An experiment was designed in order to measure the extension of lag phase 
observed after healthy cells were incubated with the different acids at both 
concentrations at 4°C for four days.
The broths were prepared as mentioned above. After the incubation period, 16 
replicate Bactometer wells containing GPPM and 0.1ml of 10"1 dilution of the 
broth were inoculated and placed in the Bactometer processing unit. At every 
half an hour intervals the contents of duplicate wells were removed, diluted in 
MRD, and added to the surface of TSA plates by spiral plating.
After an incubation period of 24 hours at 37 °C the colonies were counted.
This procedure was carried out for every one of the acid salts, (acetic, citric, 
lactic, pyruvic, hydrochloric) at both lOOmM and 200mM each, incubated with 
Salmonella enteritidis.
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4.2 .5  PREPARATION OF M AYONNAISE
Mayonnaise was prepared by blending one large egg yolk with 120 ml of 
sunflower oil and adding 15 ml of either citric acid (4.9% w/v) or acetic acid 
(4.5% w/v) solution. The final pH of mayonnaise was measured and found to 
be 3.9.
1 ml of an overnight broth of Salmonella enteritidis was inoculated in each of 
the 20g of mayonnaise in a stomacher bag. The samples were then incubated 
at 15°C and 4°C.
Samples were taken out perodically and dissolved in 180ml of MRD. The 
detection time of each sample was then measured and the colony counts were 
counted.
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4.3 RESULTS AND DISCUSSION
4.3.1 ACID CARRY OVER IN THE BACTOMETER MODULES
To determine whether any extension of detection time observed in test samples 
was due to acid carry over into the Bactometer, detection times were measured 
with unstressed cells in modules containing different concentrations of acid. 
The detection time in the control sample (TSB), was 3.2 hours. An extension 
in the detection time of 1.2 hours was observed in the case of citric acid 
(10°, 200mM). In all other cases the detection time was not significantly 
different from the control, indicating that by using a 10'1 dilution of test 
samples acid carry over would not be a problem.
4.3.2 CORRELATION BETWEEN COLONY COUNTS AND 
BACTOMETER DETECTION TIMES
As an alternative to the colony count method for the enumeration of 
microorganisms, electrical impedance measurements have been proposed, and
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In the present study, a calibration curve for S.enteritidis in the Bactometer 
was prepared. Cultures used in producing the curve were not acid stressed in 
any way but were subjected to different temperature profiles (see section 4.2.2) 
to introduce some physiological variation.
About 90 samples were used to prepare the calibration curve as this was 
demonstrated, by Firstenberg-Eden and Eden in 1984, to be a reliable number.
A very good correlation (correlation coefficient (r) =  -0.9945) was observed 
between viable colony counts and detection time (Fig 4.1).
The equation of the line was found to be:
CELL CONCENTRATION =  -1.066 DETECTION TIME +  9.095 
(Log 10 cfu/ml) (Hours)
demonstrated to be an effective and reliable method. The detection times given
by such method depend on cell concentration, nutritional conditions, and
growth rate.
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4.3 .3  SUBLETHALLY INJURED CELLS
1. Enumeration of S. enteritidis - colony counts on TSA and XLD.
Cells of S. enteritidis were acid stressed by suspending them in TSB buffered 
at pH 4.5 with different organic acids (lOOmM and 200mM) and in TSB 
adjusted to pH 4.5 with HCL. These were then stored at 4°C and 15°C.
Viable counts on TSA and XLD agar and Bactometer detection times in the 
different acid broths at 15°C are presented in Figures 4.2 - 4.6.
The starting cell concentration in all acid media was approximately 
5 X 107 cfu/ml.
In the case of acetic and lactic acid (200mM), a large difference in cell 
concentration was noted when viable colony counts were determined on TSA 
and XLD plates (Fig. 4.2, 4,4). After five days of incubation in acetic acid 
the colony counts on TSA dropped to 3 X 103 cfu/ml whereas the counts on 
XLD plates was 2 X 102 cfu/ml.
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FIGURE 4.2: S.enteritidis stored with acetic acid at either 100 or 200mM
at 15°C and pH 4.5 , subsequently plated on either TSA or XLD.
Cell concentration  (Iog10 cfu /m l)
Storage tim e (days)
100mM of acid on TSA — 200mM of acid on TSA
100mM of acid on XLD 200mM of acid on XLD
D etection  time (hours)
Storage time (days)
100mM acetic  acid —+— 200m M  acetic  acid
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FIG U RE 4.3: S.enteritidis stored with citric acid at either 100 or 200mM, 
at 15°C and pH 4.5, subsequently plated on either TSA or XLD
Cell concentration  (Iog10 cfu /m l)
Storage time (days)
  100mM of acid on TSA — 200mM of acid on TSA
— 100mM of acid on XLD 200mM of acid on XLD
D etection  tim e (hours)
Storage tim e (days)
100mM c itric  acid _-t~  200m M  c itr ic  acid
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Cell concentration  (Iog10 cfu /m l)
FIGURE 4.4: S. enteritidis stored with lactic acid at either 100 or 200mM,
at 15°C and pH 4 .5 , subsequently plated on either TSA or XLD
Storage time (days)
— “  100mM of acid on TSA -tf— 200mM of acid on TSA
100mM of acid on XLD ~ B ~  200mM of acid on XLD
D etection time (hours)
Storage time (days)
100mM lactic acid 200m M  lactic acid
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Under the same storage conditions (pH, temperature), the lactic acid broth 
(200mM) had more lethal effects than acetic, since after three days of 
incubation the organism was not detectable on either XLD or TSA plates 
(<  102cfu/ml). Similar results were reported by Cherrington et al.(1992) who 
observed that lactic acid caused greater lethality of Salmonella redougou than 
acetic acid.
However, in the present study, the lethal effect of both acids at lOOmM 
compared to the 200mM was reduced and there was little difference between 
them (Fig. 4.2, 4.4). Counts on XLD however, were still consistently lower 
than those recorded on TSA. Pyruvic acid behaved similarly to lactic acid 
(Fig. 4.5).
With hydrochloric acid there was only a slight decrease in viable numbers over 
nine days of storage (Fig. 4.6). Counts on TSA and XLD were identical. A 
similar picture was observed with citric acid (Fig. 4.3); counts declined by 
approximately two log cycles over nine days, while detection times increased 
from 1.5 hours to 2.5 - 3.0 hours. These effects were slightly more pronounced 
with the higher acid concentration (200mM), but in both cases there was little 
difference between counts on TSA and XLD.
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Cell concentration (Iog10 cfu /m l)
FIGURE 4.5: S.enteritidis stored with pyruvic acid at either 100 or 200mM
at 15°C and pH 4.5, subsequently plated on either TSA or XLD
Storage time (days)
— 100mM of acid on TSA —1— 200mM of acid on TSA
- 100mM of acid on XLD ~ ^  200mM of acid on XLD
D etection time (hours)
Storage time (days)
~ 1 0 0 m M  pyruvic acid 200m M  pyruvic acid
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FIGURE 4.6: S.enteritidis stored at 15°C and at pH 4.5; Acidification with
HCL (2M)
8
Cell concentration  (Iog10 cfu /m l)
3 4 5 6
Storage time (days)
Detection  time (hours)
Storage time (days)
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The effect of these acids on healthy cells when incubated at 4 °C, are presented 
in Figures 4.7 -4 .1 1 .
FIGURE 4.7: S. enteritidis stored with acetic acid at either 100 or 200mM, at 
4°C and pH 4.5, subsequently plated on either TSA or XLD
Cell concentration (Iog10 cfu /m l)
Storage time (days)
  100mM of acid on TSA — 200mM of acid on TSA
—*— 100mM of acid on XLD ~ B ~  200mM of acid on XLD
D etection time (hours)
Storage time (days)
100mM acetic  acid ~^— 200m M  acetic  acid
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FIGURE 4.8: S.enteriditis stored with citric acid at either 100 or 200mM
at 4°C and pH 4.5 , subsequently plated on either TSA or XLD
C ell concentration (log10 cfu /m l) 
8 r
6 -
4 - 
2 -
... ,1
0 1 2
i i i i i
3 4 5 6 7 
Storage time (days)
i i
8 9
1
10
—  100mM of acid on TSA 
lOOmM of acid on XLD
200mM of acid on TSA 
200mM of acid on XLD
D etection  tim e(hours)
Storage tim e(days)
~ 1 0 0 m M  c itric  acid 200m M  citrc  acid
8 1
Cell concentration(log10 cfu /m l)
FIGURE 4.9: S.enteritidis stored with lactic acid at either 100 or 200mM
at 4°C and pH 4.5 , subsequently plated on either TSA or XLD
Storage tlm e(days)
100mM of acid on TSA — 200mM of acid on TSA
100mM of acid on XLD - Q-  200mM of acid on XLD
Detection  tim e(hours)
Storage tim e(days)
100mM lactic acid ~ 1~  200m M  lactic acid
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FIG URE 4.10: S. enteritidis stored with pyruvic acid at either 100 or 200mM 
at 4°C and pH 4.5, subsequently plated on TSA or XLD
C ell concentration  (Iog10 cfu /m l)
Storage time (days)
—— 100mM of acid on TSA 200mM of acid on TSA
100mM of acid on XLD - B ~  200mM of acid on XLD
D etection time (hours)
Storage time (days)
100mM pyruvic acid ~ 2 0 0 m M  pyruvic acid
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FIG U RE 4.11: S.enteritidis stored at 4°C after acidification 
with HCL (2M) at pH 4.5
Cell concentrationOogtO cfu /m l)
8 r
6 -
4 -
2  -
0 ------------------------------------1----------------------------------1-------------------------------- i----------------------------------1------------------------------ 1
0 2 4 6 8 10
Storage tim e(days)
TSA
D etection  tim e(hours)
Storage tim e(days)
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At 4°C death was much slower than at the higher temperature of 15°C. For 
organic acids this effect has been well documented by Cherrington et al. in 
1992 and by Perals and Garsia in 1990. This phenomenon can be explained by 
the fact that at higher temperature the metabolism of the cells increases and 
therefore more opportunities to disrupt cellular processes appear.
Sublethal injury also appeared to be more pronounced at 15°C, in the cases of 
acetic, lactic and pyruvic acid at 200mM, since the difference between the 
viable colony counts on TSA and XLD (selective agar) was greater than at 
4°C. The difference in colony counts is important since colonies capable of 
growing on a chosen selective agar, are by implication uninjured. Sublethal 
injury was not seen with citric and hydrochloric acid suggesting that the 
surviving population was relatively undamaged.
Ahamad and Marth (1990) studied the effect of lactic, acetic and citric acid on 
Listeria monocytogenes and by comparing the difference in colony counts on 
tryptose agar with and without 6% NaCl the sublethal injury of the organism 
was determined. All three acids caused almost the same degree of injury over 
the storage period. This observation is in contrast with the results obtained 
in the present study, where citric acid was shown to have little sublethal 
effect on healthy cells.
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2. Comparing the calibration curve with the different acid conditions
When each acid broth was sampled and cultured to determine the viable count, 
the detection time was also determined. The detection time and its 
corresponding viable count on TSA were then plotted and compared with the 
previously determined calibration curve.
These graphs are presented in figures 4 .1 2 -4 .1 6 .
86
FIGURE 4.12
Survival of S. enteritidis at 15°C after storage in acetic acid at either 100
or 200mM and at pH 4.5
Detection time (h)
*  100mM of acetate + 2Q0mM of aceta te
Survival of S. enteritidis at 4°C after storage in acetic acid at either 
100 or 200mM and at pH 4.5
C ell concentration  (logtO cfu /m l)
Detection time (h)
*  100mM of acetate + 200m M  of aceta te
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Survival of S.enteritidis at 15°C after storage in citric acid at either 
100 or 200mM and pH 4.5
Cell concentration  (Iog10 cfu /m l)
FIGURE 4.13
Detection time (h)
*  100mM c itric  acid + 200m M  c itric  acid
Survival of S.enteritidis at 4°C after storage in citric acid at either 
100 or 200mM and pH 4.4
Cell concentration  (loglO cfu /m l)
Detection time (h)
*  100mM c itric  acid + 200m M  c itric  acid
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Survival of S. enteritidis at 15°C after storage in lactic acid at either
Cell concentration  (Iog10 cfu /m l)
FIGURE 4.14
D etection time (h)
*  100mM lactic acid + 200m M  lactic  acid
Survival of S. enteritidis at 4°C after storage in lactic acid at either 
100 or 200mM and pH 4.5
C ell concentration  (Iog10 c fu /m l)
D etection  time (h)
*  100mM lactic acid + 200m M  lactic acid
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Survival of S. enteritidis at 15°C after storage in pyruvic acid at either 
100 or 200mM and pH 4.5
Cell concentration (Iog10 cfu /m l)
FIGURE 4.15
Detection time (h)
*  100mM pyruvic acid + 200m M  pyruvic acid
Survival of S. enteritidis at 4°C after storage in pyruvic acid at either 
100 or 200mM and pH 4.5
Cell concentration (Iog10 cfu /m l)
D etection time (h)
*  100mM pyruvic acid + 200m M  pyruvic acid
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Survival of S.enteritidis at 15°C after storage with HCL at pH 4.5
C ell concentration  (Iog10 cfu /m l)
FIGURE 4.16
D etection time (h)
Survival of S.enteritidis at 4°C after storage with HCL at pH 4.5
Ceil concentration  (Iog10 cfu /m l)
D etection time (h)
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Results indicated that under all storage conditions the number of colony 
forming units of Salmonella decreased over time.
The detection times observed in some conditions, i.e: lactic acid, acetic acid 
and pyruvic acid, were longer than expected from the viable colony counts, 
when compared with the calibration curve. For example, Figure 4.14 indicates 
that in the presence of lactic acid at 200mM and at a cell concentration of 
1 x 104 cfu/ml detection time is observed to be 17.0 hours, whereas the 
expected detection time was 4.7 hours. Similar results were obtained for 
pyruvic acid (fig. 4.15). In the presence of acetic acid, and a cell concentration 
of 3 x 103 cfu/ml the detection time was 13.0 hours (fig. 4.12).
3. Extension in detection time of injured cells
Using the viable count data from TSA and the equation of the original 
calibration curve, the difference between the observed and expected detection 
time was calculated. These results are presented in Figures 4 .1 7 -4 .2 1  
In addition to the loss in viability over time, the Figures also indicate an 
extension to the detection times of survivors in lactic, acetic and pyruvic 
acids.
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FIGURES 4.17
S.enteritidis with lactic acid at 15* C
Storage time (days)
~a~ 100mM lactic acid 200mM lactic acid
100mM lactic acid-DT — 200mM lactic acid-D.T
S. enteritidis stored at 4°G 
with lactic acid
Storage time (days)
-B -  100mM lactic acid 200mM lactic acid
iOOmM lactic acid-DT 200mM lactic acid-DT
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FIGURE 4.18
S.enteritidis with acetic acid at 15°G
Storage time (days)
- s -  100mM acetic acid 200mM acetic acid
t f lO O m M  acetic acid-DT 200mM acetic acld-DJ
S. enteritidis stored at 49 G
Storage time (days)
- h-  100mM acetic acid -Q- 200mM acetic acid
tf®— 100mM acetic acid-DT 200mM acetic acid-D.T
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FIGURE 4.19
Storage time (days)
—a— 100mM pyruvic acid 200mM pyruvic acid
- 1 iOOmM pyruvic acidDT 200mM pyruvic acidDJ
S. enteritidis stored at 4°G 
with pyruvic acid
Storage time (days)
_e“  100mM pyruvic acid 200mM pyruvic acid
~®~ 100mM pyruvic acidDT 200mM pyruvic acidDT
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FIGURE 4.20
S.enteritidis with citric acid at 15°G
Storage time (days)
_B_ 100mM citric acid 200mM citric acid
100mM citric acid-DT 200mM citric acid-DJ
S. enteritidis stored at 4*G 
with citric acid.
Storage time (days)
100mM citric acid 200mM citric acid
100mM citric acid-DT 200mM citric acid-DT
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FIGURE 4.21
S.enteritidis stored at 15°C and at pH 4.5.
Acidification with HCL
Cell concentration  
(Iog10 cfu/ml)
Extension of detection t i m e  C D - T )  
(hours) _ Q
+
3 4 5 6
Storage time (days)
HCL HCL (D.T.)
S. enteritidis stored at 4 G and pH 4.5 
Acidification with HCL.
Cell concentration Extension of detection time ( O - T )
(Iog10 cfu/ml)
3 4
Storage time (days)
(hours)
-s -  HCL HCL (D.T.)
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Fig. 4.17 indicates the reduction in cell concentration while healthy cells were 
incubated with lactic acid at 15°C (both lOOmM and 200mM). However, the 
extension of detection time increases. An extension in detection time, was 
determined to be 12.2 hours under the higher concentration (200mM) of acid 
after two days incubation at 15°C and an extension of up to 4.2 hours was 
determined for lOOmM of acid after nine days incubation.
Under the higher concentration the colony counts also dropped within two days 
down to < 102 cfu/ml. At 4°C similar observations were made but results 
appeared to be less pronounced
Acetic acid showed an extension in detection time of 7.72 hours after five days 
of incubation at 200mM of acid, and 3.96 hours after nine days of incubation 
at lOOmM (fig. 4.18). As previously mentioned, at 4°C the reduction of the 
cell concentration was determined at a slower rate.
The extension in detection time was also observed in the case of pyruvic acid, 
which increased with the length of the storage period, as the population became 
progressively more injured (fig. 4.19).
This effect was noted by Ray in 1979 who stated that an extension in detection 
time can occur in samples containing a minority of uninjured population.
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Under the same storage conditions the citric and hydrochloric acid however, did 
not cause almost any extension in detection time and therefore the survivng 
cells did not appear to be sublethally injured (figures 4.20 and 4.21 
respectively). Under these conditions the death rate was also slow.
In order to examine whether the i nsignificant extension in detection time 
observed in the case of citric and hydrochloric acid, was due to the high cell 
concentration, the pH of the broths containing citric and hydrochloric was 
reduced down to 3.5.
Results are presented in figures 4.22 and 4.23 below.
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FIGURE 4.22
S.enteritidis stored at 15°C with citric acid at pH 3.5
Storage time (days)
_e_ 100mM citric acid - Q_ 200mM citric acid
~ 1 0 0 m M  citric acid-DT 200mM citric acid-D.T
S. enteritidis stored at 4 C with
Storage time (days)
100mM citric acid 100mM citric acid-DtT
100
FIGURE 4.23
Storage time (days)
HCL HCL (D.T.)
S. enteritidis stored at 4 G and pH 3.5 
Acidification with HCL.
Storage time (days)
HCL HCL (D.T.)
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When Salmonella enteritidis was suspended in citric and hydrochloric acid 
broth acidified to pH 3.5 and incubated at 15°C, viability declined faster, but 
the extension in detection time was still small (Fig. 4.22 and 4.23 respectively).
Overall, the results indicate that the extension in detection time is independent 
of the concentration of surviving cells, since at the same cell concentration, 
each acid was shown to cause different extensions of detection time. For 
example, under a cell concentration of 3.5 x 105 cfu/ml, the broth incubated 
with 200mM of citric acid showed to have an extension of 0.2 hours, whereas 
acetic acid caused an extension in detection time of 3.6 hours. At 200mM of 
lactic acid an extension in detection time greater than 12 hours was recorded 
only after two days incubation at 15°C.
This was also observed by Mackey and Derrick in 1984 for heat injured 
Salmonella typhimurlum and by Abbiss in 1983 when E. coli strains were 
studied.
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4.3.4 MEASUREMENTS OF THE LAG PHASE OF SUBLETHALLY
INJURED CELLS
There are three possible reasons for the extension in detection time observed 
in cells that have been injured by exposure to lactic, acetic and pyruvic acids:
1. The extended detection time reflects an extended lag phase during which 
cellular repair takes place.
2o Injured cells have a similar lag phase but grow at a slower rate.
3. The extended detection time is due to the fact that detection is the result of 
growth of an uninjured subpopulation of the total cell population.
This third possible explanation however, can be dismissed since from the 
original calibration curve it is apparent that a single uninjured cell would have 
been detected in 9.1 hours, therefore sooner than was actually observed in the 
case of lactic acid (200mM) for example, where detection did not occur until 
after 17.0 hours. Even where this was not the case, counts from XLD, 
supposedly "uninjured" cells, did not fall on the calibration curve and exhibited 
an extended detection time.
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To determine the reason for the extended detection time observed with 
sublethally injured cells, growth of the cells of S. enteritidis in a Bactometer 
module was monitored after the cells had been incubated in all the different 
acids for four days at 4°C (ref. 4.2.3).
The results are presented as Figures: 4.24 -4.26.
Cells stored in 200mM of lactic acid showed the longer lag phase of 4.0 hours 
prior to multiplication and a detection time of 7.1 hours (fig. 2.24). Similar 
effect on the lag phase was shown in cells stored with pyruvic acid. Cells 
stored in 200mM of acetic acid had a lag phase of 2.5 hours and a detection 
time of 5.0 hours, whereas at lOOmM the lag phase was 2.0 hours and the 
detection time 4.7 hours (fig. 4.25).
In citric acid and in the control sample (acidified with hydrochloric acid), 
the cells showed a shorter lag phase; 1.0 hour at lOOmM and 200mM for citric 
acid (fig. 4.24, 4.25) and 1.0 hour with HC1 (fig. 4.26). The detection time 
was 3.5 hours for citric (200mM) and HC1, and 3.2 hours in the case of citric 
acid at lOOmM.
The detection time occurred when the cell concentration reached about
1.5 x 107 cfu/ml in all cases.
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Once growth had started all cultures showed a similar growth rate indicating 
that the eventual growth rate was unaffected by acid injury.
Table 4.2 shows the increase in the lag phase of cells incubated with the 
different acids when compared to the control (sample of S.enteritidis in TSB 
acidified with HCL), and the extension of detection time observed in each case.
TABLE 4.2
Effect of different acids on the lag phase of 
S.enteritidis and on the detection time.
ACID INCREASE IN 
LAG PHASE 
(hours)
EXTENSION OF 
DETECTION TIME 
(hours)
Acetic lOOmM 1.0 0.8
200mM 1.5 1.3
Citric lOOmM 0.0 0.0
200mM 0.0 0.2
Lactic lOOmM 1.5 1.4
200mM 3.0 2.9
Pyruvic lOOmM 1.0 2.0
200mM 3.0 2.9
Control (HCL 2M) 0.0 0.1
From the results it can be seen that the increase in detection time is caused by 
an increase in the lag phase of the injured population.
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In the presence of lactic acid at the higher acid concentration, an extended lag 
phase of 3.0 hours was observed and this was close to the extension in 
detection time 2.9 hours.
The same effect was shown in samples incubated with acetic acid except that 
the extended lag phase in this case was one and a half hours shorter than with 
lactic acid.
In the case of citric acid, no extended lag phase was observed though a minor 
extension in detection time was shown of 0.0 hours at lOOmM, and 0.2 hours 
at 200mM. These extension times are considered to be due to natural variability 
in the detection time. Pyruvic acid showed similar effects to lactic.
Mackey and Derrick (1984) however, did note an effect of cell concentration 
on lag phase in samples containing low cell numbers. Diluted samples showed 
extensions of lag phase, although this effect was noted only for dilutions of 
more than 1000 fold.
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4.3.5 EFFECT OF ACIDS ON EXTENSION OF DETECTION TIME
r
Comparing the imtial colony counts (before acid injury occuijed) on TSA agar 
plates and the counts on TSA on a certain day (storage in acid), the percentage 
of survival was calculated, using the formula:
% of survival = 100 - [(TSA initial - TSAt) x lOO]
TSA initial
TSA initial = Initial TSA count cfu/ml at time 0 (before injury)
TSAt = TSA count cfu/ml at a certain day (storage in acid)
The % survival is plotted against extension in detection time (difference in 
detection time for acid stressed cells vs healthy cells for equivalent initial cell 
concentrations) and results are presented in Figure 4.27.
It has to be noted that citric acid broth and the control (hydrochloric), were 
acidified at pH 3.5 in order to give a more appreciable death rate than the one 
observed at pH 4.5.
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Plot of percentage survival against extension of detection time by treatment 
with different acids at lOOmM on S.enteritidis stored at 15°C.
FIGURE 4.27
+ ace tic  a c itric  o lactic  ® HCL 
acid acid acid
In Figure 4.27 acetic acid and lactic acid, at the same concentration of 
100 mM, give similar curves. Those for citric and hydrochloric are much 
steeper but are similar to each other. This clearly illustrates that even when
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strong acids have a significant effect on survival, the surviving population is 
relatively uninjured.
The difference in the plots probably reflects the different modes of action of 
the two groups of acids. The acetic and lactic acids are able to permeate 
through the cell membrane due to their lipophilic nature and lower the pH of 
the cytoplasm as well as neutralise the electrochemical potential by interacting 
with the cell membrane (Eklund, 1989; Booth and Kroll, 1989).
Hydrochloric acid is a strong inorganic acid , does not pass into the cells and 
is highly dissociated. For this reason, its only effect is by dropping the 
external pH of the media. This was also noted in another study where the effect 
of various acidulents was investigated on the growth of Listeria Monocytogenes 
(Farber et al, 1989).
Citric acid is more hydrophilic and does not pass into the cell. It lowers 
external pH but also works by chelating metal ions, making them unavailable 
to the cells (Roth and Keenan, 1971; Graham and Lund, 1986).
Similar results were obtained in a food system using mayonnaise prepared with 
citric or acetic acid and incubated at 4°C and 15°C (fig. 4.28). Acetic acid
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showed again an extension in detection time when results were compared with 
the calibration curve. On the other hand, cells incubated in mayonnaise 
prepared with citric acid were not shown to be injured since they gave the 
expected detection times. These observations are similar for both incubation 
temperatures (15 and 4°C).
Some of the results of this study, were confirmed using another organism, 
Listeria monocytogenes. The work was conducted under the candidates 
supervision by a final year project student. In this study, acetic acid also caused 
an extension in detection time. Figures are presented in the appendices.
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Survival counts (on TSA) and detection times of S.enteritidis in mayonnaise
Cell concentration (ioglQ cfu/ml)
FIGURE 4.28
Detection time (h)
® acetic acid 4- citric acid
Survival counts (on TSA) and detection times of S.enteritidis in mayonnaise 
stored at 4°C
Cell concentration (Iog10 cfu/ml)
10 -i
Detection time (h)
®  acetic acid +* citric acid
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4.4 CONCLUSIONS
It has been shown that detection time monitoring is a convenient way of 
determining sublethal damage in a cell population. Several samples can be 
monitored in each run in the Bactometer automatically and continuously.
In the present study, acetic acid at 15°C and at 200mM of acid concentration, 
was shown to have the most damaging effect on Salmonella enteritidis, lactic 
and pyruvic acid the next, whilst citric and hydrochloric acid had the least.
However, under these conditions lactic acid caused more rapid death than 
acetic. At a lower pH of 3.5 the rate of death caused by citric and hydrochloric 
acid was higher than at pH 4.5, although there was still no sublethal injury on 
the cells.
Sublethal injury is clearly linked to the ability of permeant acids to penetrate 
the cell indicating that sites of injury are intracellular.
Where lipophilic acids are used in foods a problem might arise since the 
presence of sublethally injured cells, may lead to an under estimate of bacterial
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counts or a failure to detect a pathogen. For this reason, in order to enumerate 
cells efficiently a resuscitation method is required, to allow repair.
At this stage it is still unclear which are the sites of damage in sublethally 
injured cells under the conditions mentioned in the present study. Also it is 
not known what is the physiological distinction between sublethal injury and 
lethality.
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CHAPTER 5
PROTEIN DETERMINATION AND ATP 
MEASUREMENTS OF HEALTHY AND 
STRESSED CELLS
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5.1 INTRODUCTION
Different chemical and biochemical tests have been used over the years to 
determine key components in bacteria, such as ATP and proteins which can 
reflect its physiological status. In the present study, a series of different 
assays were carried out in order to examine the possible sites of injury in acid 
stressed Salmonella cells. One of these assays included the bioluminescence 
technique where the amount of ATP present in stressed cells was compared 
with that observed in healthy cells. Also the effect of the addition of 
chloramphenicol to acid injured Salmonella broth cultures was examined and 
a preliminary study was done using electrophoresis to compare qualitatively 
proteins in stressed and unstressed cells.
5.1.1 Bioluminescence
All living microorganisms contain adenosine-5’-triphosphate (ATP) and the 
concentration per cell is claimed to be similar within any one group of 
organisms (Lundin, 1982). On this basis they can be quantified by measurement 
of this ATP. The microbial ATP is selectively extracted from the cells and 
determined by bioluminescence using the firefly assay (Deluca, 1976). The
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quantity of light produced by the reaction is proportional to the concentration 
of ATP in the sample which in turn correlates with the amount of 
microorganisms in the sample according to the following equation:
M g+ +
Firefly luciferase (E) + Luciferin (LH2) + ATP
Luciferin-Luciferase-AMP (E.LH2-AMP) + Pyrophosphate
Luciferin-Luciferase-AMP + 02 —> Oxidised luciferin + Luciferase
+ AMP + C02 + Light
Note: The presence of Mg2+ is essential because in the luciferase reaction it
actually binds to ATP to form the substrate Mg ATP.
In order to determine the ATP content of bacteria its preliminary extraction is
necessary using a suitable extractant followed by the addition of the luciferin- 
luciferase mixture and the measurement of the light output by a photometer. 
Non-bacterial ATP must be removed initially from the system before the ATP 
extraction from bacteria can be carried out. Several authors have used similar 
methods in order to determine the amount of ATP present in bacteria (Stanley, 
1989; Blackburn et al., 1989).
The following factors have been shown to affect the ATP levels in bacterial 
cells before or during ATP measurement:
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1- Age of cell: the ATP level of bacteria varies with the age of the culture
2- Stage of growth: during the exponential growth phase, the metabolism is at 
is highest as are levels of ATP and its turn-over. As the organisms reaches the 
stationary phase the levels of ATP decrease and at the onset of the death phase 
the ATP levels decrease again.
3- Change in nutrients or their concentrations: change in type of nutrient will 
result in a temporary alteration in the growth cycle as the organism adapts to 
the new environment. As the nutrient level decreases the metabolic rate 
decreases and therefore the ATP level will decrease.
4- Temperature: the temperature will affect the metabolic rate of the bacteria 
and the rate at which the luciferase-luciferin reaction will occur.
5- Stress and oxygen tension: any stress or decrease in the oxygen tension, for 
example as a result of filtration or centrifugal force, will decrease the ATP 
level.
6- Contamination by non-bacterial ATP: all the solutions and surfaces in contact 
with the solutions, i.e: pipette tips, cuvettes, reagent bottles etc.,
must be kept free of ATP and therefore careful handling and special cleaning 
procedures must be adopted. Apyrase is commo^ nly used to destroy non- 
bacterial ATP prior to the extraction of the bacterial cells.
7- Extraction of ATP: incomplete extraction of ATP will result in lower ATP 
levels. The apyrase used to destroy non-bacterial ATP may be carried over and
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may degrade some of extracted bacterial ATP also resulting in lower ATP 
levels.
8- The ratio of luciferase-luciferin to ATP is also important as a high ratio 
gives a sudden burst of light where as a low ratio will give a lower but constant 
output. The ionic concentration of the mixture will affect the light output due 
to the quenching of photons.
9- Problems with viable counting of the bacteria: a clumping bacterial culture 
would give a lower number of cfu/ml than a non-clumping culture even though 
they contain the same amount of biomass.
5.1.2 Chloramphenicol
Chloramphenicol is an antibiotic produced by Streptomyces venezuelae and also 
made synthetically. It is bacteriostatic for many Gram positive and Gram 
negative bacteria. Chloramphenicol binds to the SOS subunit of prokaryotic and 
mitochondrial ribosomes, inhibits peptidyl transferase and therefore protein 
synthesis.
In the present study, the Minimum Inhibitory Concentration of chloramphenicol 
was determined for Salmonella enteritidis, and its effect on acid injured cells 
was investigated to determine the role de novo protein synthesis plays in acid 
injury and recovery.
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Electrophoresis is a procedure that has been used for many years for the 
identification or quantification of proteins, nucleic acids etc., and for 
determination of their molecular weights (Bollag and Edelstein, 1970).
By means of an electric field, members of a heterogeneous population of 
charged particles can be separated due to their dissimilar migration.
In gel electrophoresis the molecules in a sample move through a gel composed, 
usually of agarose or polyacrylamide; small molecules generally pass more 
readily than other larger ones through the gel polymer.
In the present work a preliminary study was conducted of the total protein 
content of Salmonella enteritidis in both injured and uninjured states.
5.1.3 Electrophoresis
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5.2 MATERIALS AND METHODS
5.2.1 Bioluminescence
The light was measured with sensitive photomultipliers in a Biocounter, 
model: M 2500. All bottles were carefully washed using Bactowash (Lumac, 
9206-7) before each measurement.
All reagents were supplied in kit form by Lumac.
Microbial ATP was extracted by the addition of Nucleotide releasing reagent 
(NRB). After the injection of LUMIT-PM (purified luciferin-luciferase), the 
emitted light was integrated over 10 seconds. The result was obtained in 
Relative Light Units (RLU) which could either be converted into microbial 
ATP concentrations with the internal standardization procedure as described by 
the manufacturers manual or taken as a direct reflection of the microbial ATP 
content. All the reagents used, were prepared according to the specifications of 
the manufacturer.
Broth preparation:
All broths were prepared as described in the previous studies.
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lml of an overnight culture of Salmonella enteritidis PT4, was added to 
lOOmM and 200mM acetic acid as well as hydrochloric acid at pH 4.5 
ATP measurements were taken on injured and healthy cells after 0, 3 and 5 
days incubation at 4°C.
Internal standardisation procedure:
After the ATP measurement of Salmonella was obtained (Xa), 20ul of ATP 
standard solution were added into the Lumac cuvette containing lOOul of broth. 
The light production was taken approximately 10 seconds after integration 
without additional Lumit-PM (Xb).
Calibration curve:
Healthy cells of S. enteritidis were used in order to produce a calibration 
curve of RLU versus plate counts.
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5.2.2 Minimum inhibitory concentration (MIC) of chloramphenicol
Preparation of chloramphenicol
Chloramphenicol (Sigma, C0378) was dissolved in ethanol to make up a stock 
solution of 2mg/ml and then 0.1 ml of the solution was diluted in 10ml of TSB 
with a final concentration of 20ul/ml.
Different concentrations of chloramphenicol were then incubated by doubling 
dilution in test tubes containing TSB to give a concentration of 
20jig/ml, 10pg/ml, 5jig/ml, 2.5]ig/ml, and 1.25 jig/ml in the medium. A control 
sample was also prepared without any chloramphenicol present.
Broth culture
Salmonella enteritidis PT4 was incubated overnight in TSB at 37°C, and then 
diluted by serial dilutions in MRD. 20yil of the 105 suspension was introduced 
in each of the test tubes containing different concentrations of chloramphenicol.
The MIC was defined as the lowest level of chloramphenicol that inhibited 
growth.
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Procedure
The test tubes were then incubated at 37°C. After 18.0 and 24.0 hours 
incubation the tubes were tested for growth.
After the MIC was determined, another experiment was performed where 
chloramphenicol was added in TSB with cells of S.enteritidis; 200mM of acetic 
acid was also added as described at the earlier studies. A control sample of 
S.enteritidis in 200mM of acetic acid (no Chloramphenicol) was also prepared 
All samples were incubated at 15°C over a period of four days.
The effect of chloramphenicol on acid injured cells was investigated using 
colony counts and extension of detection times. The detection times and cell 
concentrations of S.enteritidis broths containing chloramphenicol and acetic acid 
were compared to the results taken from similar broths in the absence of 
chloramphenicol over a period of 4 days. The question was whether injury is 
worse in the presence of chloramphenicol.
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5.2.3 Electrophoresis of proteins
Preparation of solutions
1- Acrylamide stock solution (Protozel EC-890), ready mixed 30% acrylamide, 
and 0.8% bis-acrylamide.
2- Separating Gel buffer: Hydrochloric acid was added to 181.6 grams / litre 
of Tris base (Sigma, 1B7988) to make a pH of 8.8 and 4.0 grams of sodium 
dodecyl sulfate (SDS) 99% (Sigma, L-3771) were also added.
3- Stacking gel buffer: same as above, but pH adjusted to 6.8 and 40 grams of 
SDS added.
4- Ammonium persulphate (Sigma, A-3678) was mixed with distilled water to 
give a concentration of 10%.
5- Running buffer: 30.3g f (0.25M)Tris was mixed with 144.Og I 1 
(/1.92M)Glycine (Fisons, G/0800/60), at pH 8.3. Also lOg of SDS was added.
6- SDS Page loading buffer: 150mM Tris adjusted with HCL down to pH 6.8. 
3ml of the above was mixed with lml of 10% 2-Mercaptoethanol, 0.4g of SDS 
4%, 2ml of Glycerol, 0.2mgr of 0.002% bromophenol blue and 4ml of distilled 
water.
7- Stain: 0.10% of Coomassie brillicant blue (R250), 45% methanol and 10% 
acetic acid.
8- Destain: 30ml methanol was mixed with 10ml acetic acid and 60ml of water.
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9- Lysis buffer: 20% glycerol, 2% mercaptoethanol, 4% SDS and 70% 
stacking gel buffer.
Preparation of Gel
1- Resolving gel: 14.4 ml acrylamide was mixed with 12.0 ml of separating gel 
buffer, 21.6ml of water, 300^1 of 10% ammonium sulphate and 30^x1 of Temed.
2- Stacking gel: 4ml of acrylamide was added to 6ml of buffer stack gel. 14ml 
of water was then added, 200jil of 10% ammonium sulphate and 20jil of temed. 
The electrophoresis experiment was carried out as described by Bollag and 
Edelstein (1970).
Preparation of cells
20mls of broth culture of acid stressed Salmonella cells, as well as of healthy 
cells, were centrifuged for 15 minutes at 4000rpm. The supernatant was 
removed and 20ml of water was added again to the pellet and vortexed. Cells 
were centrifuged again and washed twice. 50jil of double strength lysis buffer 
was then added into the pellet containing about 0.002g wet weight of bacteria 
so that the cell proteins were extracted. Cells were recentrifuged and 8Qpl of 
loading dye was added to the pellet. Electrophoresis was run initially for 24 
hours but then a bigger gel was prepared and results were taken after about 10 
hours.
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5.3 RESULTS AND DISCUSSION
5.3.1 Bioluminescence
Initially, experiments were carried out using addition of the ATP standard 
but later another way of comparing the amount of ATP present in injured and 
healthy cells was thought to be a more thorough approach. This involved the 
production of a calibration curve using healthy cells of Salmonella enteritidis 
and comparing this with the RLU measurements of acid stressed cells. 
Calculations:
Quantity of ATP/RLU (X) = ATP added / Xb-Xa 
(Xb and Xa are defined at Section 5.2.1)
ATP in the sample = X (RLU of sample - blank)
Number of cells = (ATP/sample) / (ATP/cell)
The amount of ATP added was calculated as follow: 
lOpg / 6.5ml of Lumit buffer = 1.5 |ig/ml 
therefore
1.5yg (0.02ml) / 1ml = 0.03^ ig ATP addled
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A calibration curve of cell concentration against RLU measurements was 
produced for healthy Salmonella cells and compared with injured Salmonella 
cells (Fig.5.1). The experiment was carried out in triplicate. The results show 
that treatments which cause most injury also reduced cellular levels of ATP. 
Using the equations described above, the amount of ATP present in each 
sample was calculated. In the case of healthy cells the ATP in the sample was 
found to be 1.2 xlCUug.
When cells were injured in the presence of acetic acid ATP levels decreased to
3.8 x 10'4 ug at 200mM acid after 5 days and 6.4* 10‘4 ug at lOOmM over the 
same period. In the presence of HC1, where injury was not detected, the ATP 
content of the sample was 8.2xl0“3ug, a similar level to healthy cells.
The decrease in ATP levels with stress could be due to the fact that during 
injury a lot of ATP is used by the cell for repair. It could also indicate 
inhibition of ATP generation as a result of the stess.
Acid injury would certainly increase the demand for ATP since it would be 
used for expulsion of protons as the cell tries to maintain pH homeostasis.
To determine to what extent reduced production of ATP contributes to the 
observed depletion, quantitative measurement of the metabolic rate under stress 
conditions would be required.
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5.3.2 Effect of chloramphenicol on acid injured Salmonella cells
5.3.2.1 MIC of chloramphenicol
After 18.0 hours incubation at 37°C all the tubes were tested for growth 
by comparing them with the control sample containing only TSB (no 
chloramphenicol). Results were not very clear at that time, and a further 
incubation of 6.0 hours was used. After 24.0 hours incubation, growth in the 
presence of chloramphenicol was observed in some of the test tubes as follow:
Table 5.1
Concentration of Chloramphenicol 
(\ig/ml)
Growth of Salmonella
20.00 / no growth
10.00 / no growth
05.00 / no growth
02.50 + cloudy (slight growth)
01.25 + + more cloudy
Control + + + very cloudy
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From the above results and after the experiment was repeated three times, it 
became clear that the minimum inhibitory concentration of chloramphenicol was
5.3.3.2 Does chloramphenicol make injury worse?
The MIC concentration of chloramphenicol was added into a broth containing 
cells of S.enteriditis and either lOOmM or 200mM of acetic and citric acid. As 
in the previous studies, conventional methods (using TSA and XLD) as well as 
electrical measurements were used to detect injury. These methods were also 
used at the present study in order to detect further injury that might have been 
caused due to the presence of chloramphenicol. In the presence of 
chloramphenicol protein synthesis would be inhibited.
It is known that a response of microorganisms to some metabolic stress is the 
synthesis of so-called stress proteins (Jorgensen et al., 1996). If these are 
important in protecting Salmonella from acid injury then the inclusion of 
chloramphenicol should increase injury which would be reflected in a further 
increase in detection time and a bigger difference between XLD and TSA 
count. However, results showed no further extenstion in detection time than 
that initially observed by the acid injured cells. The counts on selective and non
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selective agars were similar in both the presence or absence of 
chloramphenicol. After one day incubation the cell concentration of Salmonella 
was found to be 7.18 (log 10 cfu/ml) on TSA, and 7.04 (log 10 cfu/ml) on XLD 
with a detection time of 5.0 hours. Similar results were shown in the presence 
of chloramphenicol. Over the four days incubation period, both samples showed 
similar results of 5.0 (loglOcfu/ml) on TSA, 3.1 (loglOcfu/ml) on XLD and 
detection time of 8.9 hours. For this reason it can be concluded that 
chloramphenicol does not cause more damage to the acid treated cells.
In order to confirm the above results, the following experiment using SDS- 
Polyacrylamide Gel Electrophoresis was designed.
5.3.3 SDS-Polyacrylamide Gel Electrophoresis
The Sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-PAGE) 
is a rapid method for quantifying, comparing and characterizing proteins 
(Costas et al., 1987). This method was used in the present preliminary study 
to separate proteins according to their molecular weight. It was designed in 
order to compare the proteins that exist in healthy and stressed cells. Initially 
a 24 hour gell was used but results were not very clear (fig.5.2).
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FIGURE 5.2
SDS-polyacrylamide Gel Electrophoresis
1- Low standard; 2- Salmonella in 200mM of citric acid, 0 days incubation
3- Salmonella in 200mM of acetic acid, 0 days incubation
4- Healthy cells of Salmonella; 5- Salmonella in 200mM citric acid, 4 days 
incubation at 15°C; 6- Salmonella in 200mM acetic acid, 4 days incubation at 
15°C; 7- Salmonella in 200mM citric acid, 2 days incubation at 15°C
8- High standard; 9- Salmonella in TSB, two days incubation at 15°C
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The experiment was repeated using a bigger gel and results were obtained after 
approximately 10 hours. Results are shown in Fig 5.3.
FIGURE 5.3
14 13 12 11 10 9 8 7 6 5 4 3 2 1
The first two bands (1,2) indicate the low controls, the band 3, is the high 
molecular weight proteins control. Band 4- Healthy Salmonella cells, 5&6- 
Cells incubated for 2 days at 15°C with lOOmM in acetic acid; 7- Cells in TSB 
for 2 days at 15°C; 8- Cells in 200mM of acetic acid incubated for 2 days at
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15°C and 5 days at 4°C; 9- Cells in lOOmM of acetic acid at 15°C for 3 days 
and 4°C for 5 days. 10- Cells in TSB for 2 days at 15°C; 11- Cells incubated 
at 200mM acetic for 3 days at 15°C and 2 days at 4°C; 12- Cells incubated at 
200mM acetic for 2 days at 4°C; 13- Cells in 200mM citric at 15°C for 3 days 
and 4°C for 2 days. 14- Cells incubated in lOOmM citric for 1 day at 15°C and 
2 days at 4C.
The different proteins and their corresponding molecular weights of the low 
controls are shown below:
Proteins Approx. Molecular Weights
Albumin, Bovine 66,000
Albumin, Egg 45,000
Glyceraldehyde-3-P-Dehydrogenase 36,000
Carbonic Anhydrase, Bovine 29,000
o
Trypsinogen, Bovine pancreas 24,000
Trypsin inhibitor, Soybean 20,000
a-Lactabumin, Bovine milk 14,200
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The high controls indicate proteins of a higher molecular weight, up to 
approximately 110,000. These controls can be seen on figure 5.3, band 3.
The bands 5.7,8,9,11 and 12 in fig. 5.3 are not clear. This may be due to the 
acid stress that killed a large number of cells with as a result low numbers of 
Salmonella were used, or maybe the acids hydrolysed free proteins.
From the above results no obvious difference can be determined in the protein 
banding compared to the conrols (band 1,2 and 3) suggesting that the overall 
protein complement in stressed and unstressed cells is broadly similar. This 
supports the results of the chloramphenicol experiment which suggest that new 
proteins are not synthesised as a response to the acid stress used. The 
sensitivity of the technique may however be too low to detect proteins produced 
in relatively low concentrations. This could be further pursued by using pulse 
radiolabelling of proteins to detect those recently synthesised.
In several previous studies microorganisms were shown to respond to mild 
stress conditions such as heat by increased synthesis of specific proteins. These 
proteins have been named heat-shock proteins (Watson, 1990; Jorgensen et al., 
1996). Other studies determined the production of other closely related proteins 
induced by other stress environments such as in the presence of ethanol,
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oxidative agents and acid conditions (Watson, 1990; Foster, 1993). This class 
of proteins w_ere then called stress proteins. Salmonella typhimurium under 
mild heat was shown to produce heat-shock proteins with molecular weight of 
69kDa and 56kDa (Christman et al., 1985; Morgan et al., 1986). However, in 
the present study no stress proteins were shown to be produced at these 
molecular weights(see fig 5.3) and as mentioned above, no difference in the 
protein banding was determined in healthy and acid stressed cells indicating that 
in the presence of acid stress, proteins were not produced.
5.4 CONCLUSIONS
In the present study, the Bioluminescence technique was used in order to 
measure the amount of ATP present in healthy and acid stressed cells. Less 
ATP was measured in cells injured by acetic acid compared to the ATP present 
in healthy cells. The decrease of ATP level could be due to the fact that during 
injury there is a large demand for ATP which is used by the cell for repair. On 
the other hand, ATP generation could be inhibited as a result of the stress. In 
the presence of HC1 where injury was not detected, the ATP content of the 
cells was found to be similar to that of healthy cells.
Another attempt was made to investigate the synthesis of any new proteins. The 
Minimum Inhibitory Concentration of chloramphenicol was added into an acid
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broth capable of injuring Salmonella enteritidis. In the presence of 
chloramphenicol no further extension in detection time was noted when 
compared to acid stress cells in the absence of chloramphenicol. This indicates 
that in the case of acid injury, Salmonella does not produce any stress proteins 
and that the overall protein complement in stressed and unstressed cells is 
broadly similar. The above results were also confirmed by using SDS-
e e
Polyacrylamide Gel Electrophoresis. In th^ experiments no obvious differences 
in the protein banding was determined when compared with the protein banding 
of healthy cells. These experiments indicate the need for further work to 
explore the phenomenon, by using more sensitive techniques for detecting stress 
proteins (see Section 7.1).
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CHAPTER 6
ASSESMENT OF RECOVERY OF 
SUB-LETHALLY INJURED SALMONELLA
141
6.1 INTRODUCTION
Detection of pathogens in foods requires a healthy population of cells. Since 
processing can result in sublethal damage which will delay or prevent recovery 
in selective and diagnostic media many protocols include a resuscitation or 
recovery step. It is essential that non selective conditions are present in an 
environment when resuscitation takes place, since cells could fail to repair or 
even rapidly die (Litchfield 1973; Ray 1979).
In 1965 Baird-Parker and Davenport showed that the addition of pyruvate to 
media such as tryptone soya broth in the form of sodium pyruvate, enhanced 
the recovery of heat-damaged cells of Staphylococcus aureus due to 
accumulation of hydrogen peroxide and other free radicals. This is one of the 
approaches adopted for the resuscitation of sublethally injured cells (Abbiss, 
1984). The addition of hydrogen peroxide- and superoxide- scavenging agents, 
such as catalase was also shown to improve the recovery of acid injured Gram 
negative bacteria (Van Netten et al., 1984). However, this effect may vary 
considerably with the strain of bacteria and the degree and type of stress 
sustained.
In the case of Salmonella the following isolation procedures are used:
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1. Pre-enrichment step to allow recovery of injured cells; usually in lactose 
broth or buffered peptone water for 16-20 hours at 37 C (H. van der Zee, 
1994).
2. Selective enrichment, to allow growth and survival of Salmonella while 
inhibiting the growth of competing organisms; i.e: in Selenite cystine broth, 
Rappaport Vassiliadis enrichment broth and tetrathionite-bile-brilliant green 
medium for 24-48hours at 43 C.
3. Selective isolation on agar plates, usually on Brilliant green agar, XLD, 
and Brilliant green-phenol red agar for 24hours at 37 C (D’Aoust, 1981; 
D’Aoust, 1984; Rappold et al., 1984; Andrews, 1985; Fricker, 1987; Perales 
and Audicana 1989).
4. Serological and biochemical tests to confirm the presence of Salmonella.
It becomes clear from the above, that these methods are labour intensive and 
time consuming. For this reason many rapid methods have been developed for 
the detection of Salmonella but a pre-enrichment step is still required 
(Blackburn, 1993). However, several attempts have been made to reduce the 
pre-enrichment stage down to six hours (Andrews, 1985). Another approach to 
this problem could be to investigate whether a long resuscitation and a short 
enrichment would be sufficient to recover injured cells.
In order to examine this possibility, it is necessary to have a clear picture 
as to what happen to the cells during recovery in different resuscitation media.
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In chapter 4, a method of assessing sublethal injury was introduced using 
capacitance measurement. The objective of this study was to determine the 
recovery of sublethally injured salmonellas in various pre-enrichment and 
selective enrichment media using capacitance measurement and colony counts 
on selective and non selective agars. The effectiveness of recovering Salmonella 
by the addition of catalase and superoxide dismutase was also investigated.
6.2 MATERIALS AND METHODS
6.2.1 Organism
The following Salmonella strains were used: Salmonella enteritidis PT4 
(P167807, P167627, P125592, P125678), kindly supplied by Dr.BernardRowe, 
Division of Enteric Pathogens, Central Public Health Laboratory, Colindale;
S.typhimurium (77-7628, S-5698), kindly supplied by Dr. Terry Roberts, 
Institute of Food Research, Reading; S. Stanley (IFR-102), S.senftenberg NCTC 
9959, S.heildleiberg NCTC 5717 and S.solt NCTC 6757. Cultures were stored 
at 4°C on slopes of tryptone soya agar (TSA, Oxoid CM131).
The Salmonella inocula were prepared as described in Chapter 3.
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6.2.2 Heat injury
Tryptone soya broth (40ml) was heated to 55 C in a water bath and 4ml of the 
Salmonella inoculum were added and heated at the same temperature for 40 
minutes. A proportion (lml) of the cell suspension was removed and diluted 
tenfold in Maximum Recovery Diluent (MRD, Oxoid CM 733).
6.2.3 Freeze injury
10 ml of the Salmonella inoculum was stored at -5 C for 24 hours. The cell 
suspension was removed and left at room temperature for about 30 minutes and 
diluted in MRD.
6.2.4 Acid injury
lml of Salmonella broth culture was added to 100ml of acetic acid buffer 
prepared by adjusting a solution of the appropriate concentration (100mmol/l 
or 200mmol/l) in TSB to a pH of 4.5 with hydrochloric acid (2 mol/1). 
Following incubation at 15°C for 3 days, a portion of the cell suspention was 
diluted ten-fold in MRD.
6.2.5 Enrichment media
Injured Salmonella inocula (lml) was added to Buffered Peptone Water (BPW, 
Oxoid CM509), Lactose Broth (LB, Oxoid CM 137), Muller Kauffmann
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Tetrathionate Broth (MKT, Oxoid CM343), Selenite Cystine Broth (SC, Oxoid 
CM699 + Oxoid L121), Rappaport Vassiliadis Broth (RV, Oxoid CM669). 
BPW, LB, and SC were incubated at 37°C for 24 hours whereas Rappaport 
Vassiliadis broth was incubeted at 43°C. At intervals, samples 
were removed and diluted (serial decimal) in MRD, for assessment using 
electrical measurement and colony counting.
6.2.6 Addition of catalase or superoxide dismutase
Catalase (Sigma C-10) or superoxide dismutase (Sigma S2515) was added into 
the bactometer at different concentrations with 1ml of GPPM + acid induced 
injured cells at different concentrations as shown below:
A: Control- GPPM + 0.1ml broth
B: In 9ml of catalase (70units/ml), 1ml broth was added. 0.1ml of the mixture 
was then added into the bactometer module with 1ml GPPM 
C: In 9ml of catalase, 1ml broth was added. The mixture was diluted in 
MRD and 0.1ml of the 10"1 dilution was added into the bactometer module 
with 1ml GPPM.
D: In the bactometer module lmi of GPPM was added + 0.1ml of the acid 
injured cells -f 0.1ml of catalase.
Same procedure was used for superoxide dismutase (20mg/ml).
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6.2.7 Electrical measurement
Portions (100 ul) of a ten-fold dilution of enrichment media were added to lml 
of General Purpose Plus Medium (GPPM, bioMerieux UK Ltd, Basingstoke) 
in triplicate wells of a Bactometer module. The modules were incubated at 
37 C for up to 24hours with monitoring of the capacitance signal in a 
Bactometer 120SC incubator with a Model 123 central data processor.
6.2.8 Colony count method
Dilutions of enrichment media were plated on Tryptone Soya Agar (TSA, 
Oxoid CM 131) and Xylose Lysine Deoxycholate Agar (XLD, Oxoid CM469), 
in duplicate , using either the Miles-Misra technique or a spiral plater (Don 
Whitley Scientific Ltd, Shipley, U.K).
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6.3 RESULTS AND DISCUSSION
The present study, was designed in order to assess the recovery of Salmonella 
in Buffered Peptone Water, Lactose Broth, Muller Kauffmann Tetrathionate 
broth, Selenite Cystine Broth and in Rappaport Vassiliadis Broth. The recovery 
of the cells in the five different broths was recorded after a cocktail of eight 
Salmonella strains was injured by heating, freezing and under acid conditions. 
Capacitance detection times were determined as well as viable colony counts 
on selective (XLD) and non selective (TSA) agar plates.
All Figures are presented at the end of this chapter
Recovery of cells in Buffered Peptone Water is shown in Figures 6.1, 6.2 and 
6.3. In the case of acid injury (fig 6.1), cells were shown to recover within 
2 hours incubation in BPW. This is indicated by the extension of detection time 
which decreased from 2.2 hours to 0.25 hours (minor extension of detection 
time) after 2.0 hours incubation and by the counts on selective (XLD) and non 
selective (TSA) media which were similar after 2.0 hours. After 8.0 hours 
incubation in BPW the cell concentration was about 108 cfu/ml. Similar results 
were obtained when cells were injured by freezing (fig 6.2). After two hours 
incubation, an extension of detection time of one hour was observed although
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TSA and XLD counts are similar. This indicates a slight discrepancy between 
the two methods for assessing injury. As shown in the previous study, the 
Bactometer is a more comprehensive measure of injury. This could be due to 
the fact that some injured cells cannot grow on TSA due to oxygen sensitivity, 
since in some cases anaerobic incubation and addition of catalase have given 
higher counts (Bailey et al., 1990).
As cells recover, more can form colonies on TSA. It appears therefore that the 
lag phase has ended and the population is increasing, but it may be that part of 
this increase is due to the fact that cells are recovering from injury rather than 
multiplying. After 4.0 hours incubation there is no extension in detection time 
and no significant difference between XLD and TSA counts, indicating that the 
cells present have fully recovered from injury.
Heat-injured cells showed a higher degree of damage (fig 6.3). This is indicated 
by the extension of detection time which reaches a value of 3.8 hours. In this 
case, cells recover after 6.0 hours incubation although they seem to multiply 
rapidly after 4.0 hours.
Recovery of Salmonella in Lactose Broth after heat injury is shown in 
Fig 6.4. In this case, cells recover more slowly than in BPW. At 9.0 hours
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incubation in Lactose Broth an extension of detection time of about 1.0 hour 
was observed, although there was not much difference between the counts on 
selective and non selective agar once again confirming the broader range of 
injury detected by electrical measurements. After 15 hours ceils reached a 
concentration of about 108 cfu/ml.
The recovery of cells in lactose broth after freeze injury is indicated in fig 6.5. 
The counts on TSA and XLD are similar after 4.0 hours incubation although 
an extension of detection time of 0.5 hours is apparent. At 8.0 hours incubation 
cells reached a slightly lower level than the one seen in the case of BPW.
Comparing the two pre-enrichment broths it can be concluded that BPW 
appears more effective in recovering injured cells of Salmonella. A possible 
explanation is that during 24 hours incubation in lactose broth the pH dropped 
from 7.0 to 4.7, a level at which Salmonella will not grow well, if at all 
(min pH 3.8). On the other hand, the pH of BPW dropped only slightly, from
7.1 to 6.7. Another reason is that lactose is not metabolized by Salmonella and 
therefore, its presence could encourage other organisms to grow such us E.coll 
which could possibly compete and inhibit Salmonella growth (Easter and 
Gibson, 1984). This would not of course have been a factor in this study since 
only pure cultures of Salmonella were used.
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Fig 6.6 shows recovery of injured Salmonella when the cells were incubated 
in Muller Kauffmann Tetrathionate broth. The counts on TSA and XLD were 
different over the 21 hours of incubation indicating that injured cells 
could not completely recover under these conditions. An extension of detection 
time of 0.5 hours was also recorded after that time. The extension of detection 
time dropped within 6 hours, from 2 hours down to 1 hour suggesting some 
recovery, although not much growth was recorded on TSA counts during that 
time. A lag phase of about 8.0 hours was observed but even when cell numbers 
were increasing there was a slight difference between TSA and XLD counts and 
an extension of detection time of 0.5 hours was recorded. This suggests that a 
proportion of the population is carrying some injury during the phase of 
exponential growth.
Growth and recovery were also very slow when cells were incubated in 
Rappaport Vassiliadis enrichment broth (fig. 6.7). The lag phase was shown to 
be about 10.0 hours and an extension of detection time was recorded just below 
1.0 hour. After 12.0 hours incubation, there was no difference in the counts on 
TSA and XLD and an extension of detection time of 0.5 hours was recorded.
The other selective enrichment broth tested was Selenite cystine broth, results 
of which are shown in Fig 6.8. In contrast to Rappaport Vassiliadis and Muller
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Kauffmann Tetrathionate broth recovery in selenite cystine was much more 
rapid. A lag phase of about 2.0 hours was noted and at that time a rapid drop 
in extension of detection time was recorded. After 3.0 hours incubation in 
Selenite cystine broth a minor extension of detection time was observed and the 
counts on TSA and XLD are shown to be very similar. At 8.0 hours incubation 
the cells reached a concentration of about 108 cfu/ml. Selenite cystine broth was 
shown to be superior compared to Rappaport Vassiliadis and Muller Kauffmann 
Tetrathionate broths in terms of its ability to allow injured cells to recover. 
For the same reason however it is known to be less selective than the other 
media.
Many different approaches have been proposed in order to reduce the time 
required to get a result using conventional methods. In particular, direct 
selective enrichment was recommended for some foods (Anon, 1984). However 
in the present study, results show that in the event of injury, recovery is poor 
when direct selective enrichment is used.
Other attempts have also been made to shorten the pre-enrichment period to 
6.0-8.0 hours (Andrews, 1985). In the present study it was shown that although 
cells had recovered in pre-enrichment broths during that time they had not 
reached very high levels. For this reason there could be a reduced chance of
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isolating Salmonella in subsequent selective enrichment. The effectiveness of 
this method could also be reduced if other, more severe types of injury are 
used, such as drying. In addition, when competitive bacteria are present in food 
such as Escherichia, Enterobacter, Proteus etc, this could have an effect on 
recovery from injury and the number of Salmonella could be under estimated 
on the subsequent selective enrichment (Arroyo and Arroyo, 1995).
Thus, another experiment was designed in order to examine the possibility that 
recovery of acid stressed cells could be enhanced by the addition of different 
enzymes. Catalase or superoxide dismutase was added in the Bactometer at 
different concentrations and the detection time taken, was compared with the 
control sample. Results indicated that non of the above enzymes was sufficient 
in recovering injured cells since the detection time observed (4.3 hours at 
lOOmM and 5.3 hours at 200mM ) was shown to be similar to the contol 
sample.
In order to examine the possibility that direct addition of the enrichment broths 
in the bactometer modules without the presence of GPPM would be sufficient 
in detecting Salmonella, a small experiment was carried out. lml of each broth 
was added in the bactometer and mixed with 0. lml of healthy Salmonella cells. 
The detection times taken (24 hours) were more than expected in comparison
153
with the results taken by GPPM indicated that direct addition of the broths into 
the bactometer is not recommended.
6.4 CONCLUSIONS
In the above study, the ability of injured Salmonella cells to repair in a series 
of different resuscitation and enrichment media has been tested and compared. 
Their recovery was monitored by differential plating and capacitance 
monitoring. Buffered peptone water appeared more effective in recovering 
injured Salmonella cells compared to Lactose broth. This could be due to the 
fact that Buffered Peptone Water maintained a pH which favours the growth of 
Salmonella whereas the pH in the case of Lactose broth dropped as low as 4.7, 
a level at which the growth of Salmonella is very slow. This observation clearly 
merits further investigation since Salmonella does not generally ferment lactose 
and would not therefore be expected to produce such a large decrease in pH. 
During selective enrichment, Selenite cystine was shown to be superior 
compared to Muller Kauffmann Tetrathionate broth and Rappaport Vassiliadis 
broth in terms of its ability to allow cells to repair (see General Discussion at 
Chapter 7). This experiment indicated once more that capacitance measurement 
is a more reliable and comprehensive measure of injury and recovery when 
compared to differential plating.
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CHAPTER 7
GENERAL DISCUSSION
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The present study has been carried out to investigate injury of Salmonella and 
especially S. enteritidis when incubated with different acids at different 
concentrations and temperatures. The effect of the acids on growth, survival 
and detection of the organism is particularly important in view of the number 
of outbreaks caused by S. enteritidis in which mayonnaise and other egg 
products have been implicated.
In addition to traditional cultural techniques, electrical methods were used as 
increasing reliance on such techniques in the food industry could mean that 
sublethally damaged cells may be underestimated when techniques are 
calibrated using a healthy cell population. The survival of S. enteritidis in 
solution of organic acids has been measured at different pH values (4.5 and 
3.4), different acid concentrations (lOOmM and 200mM) and at 4°C and 15°C.
Acetic, lactic and pyruvic acid were found to have more lethal effect than citric 
and hydrochloric acids under the conditions tried. In  addition, acetic acid at 
15°C and at 200mM of acid concentration, was show#n to cause the greatest 
amount of sublethal injury. Viable counts were undetectable (<  102 cfu/ml) 
after 7 days and throughout this period counts on TSA were about one log 
cycle higher than those on X L D , indicating sub-lethal injury to about 90% of 
the surviving population. At lOOmM acid concentration and at the same pH, the
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death rate was slower, corresponding to about a 3 log cycle drop over nine 
days. Differences between the TSA and X LD  counts were also less 
pronounced, but increased to almost one log cycle after nine days. A  similar 
picture was seen with lactic acid under the same conditions, although more 
rapid loss of culturability was produced and at 200mM the organism was not 
detectable after three days. However, lactic acid was showtn to produce less 
sublethal injury than acetic acid, while pyruvic acid in turn produced less injury 
than lactic acid. Citric and hydrochloric acid produced the least injury.
These observations regarding the greater lethal effect of lactic compared with 
acetic acid was also noted by Anderson and Marshall (1990) looking at 
microorganisms present on beef.
When cells were acid stressed at the lower temperature of 4°C , the different 
acids showed the same relative behaviour as observed at 15°C, though cells 
survived longer in all cases. This can be attributed to the lower metabolic rate 
at the lower temperature where injury inflicted by acids is less likely to result 
in a complete loss of viability as the cells are metabolising more slowly and 
pres umably have greater opportunities to repair.
At a lower pH of 3.5 the rate of death caused by citric and hydrochloric acid 
was higher than at pH 4.5, although there was still no appreciable sublethal
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injury of the surviving cells as counts on TSA and X LD  remained similar over 
this period.
Differences between the acids were also observed when capacitance detection 
times were measured and compared with these predicted by the viable count on 
TSA and a calibration curve prepared using unstressed cells. Cells stressed in 
lactic and acetic acid gave detection times longer than expected from the viable 
colony counts, whereas citric and hydrochloric acid gave detection times close 
to the calibration curve, indicating that surviving cells were relatively healthy 
causing negligible sub-lethal injury. Interestingly, an extension of detection time 
was still seen with acetic and lactic acid stressed cells when the counts on X LD  
agar cells were used to predict the expected detection time. Counts on selective 
media such as X LD  are often taken to indicate the size of the uninjured 
population but since these too showed longer detection times than expected, 
capacitance monitoring was clearly detecting a broader range of sub-lethal 
injury. These observations were validated in a food system using mayonnaises 
prepared with acetic or citric acid.
The greater lethality observed with the weak organic acids compared with citric 
and hydrochloric acid is unremarkable and has been noted by several authors 
(Perales and Garsia, 1990; Ahamad and Marth, 1989). In  home made
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mayonnaise for example, acetic acid had a greater bactericidal effect on 
S. enteritidis than citric acid though lactic acid was not tested (Perales and 
Garsia, 1990). In the present study lactic acid, proved more bactericidal than 
acetic acid and similar results were obtained with S.kedougou in artificial 
poultry scald tank water (Cherrington et al., 1992). Studies with Yersinia 
enterocolitica and Listeria monocytogenes however have reported greater 
lethality with acetic acid (Ahamad and Marth, 1989; Ahamad and Marth, 1990; 
Adams et al., 1991).
Differences in the extent of sub-lethal injury caused by the different acids has 
not been previously reported.
The growth of cells stressed with different acids was monitored in a Bactometer 
module during capacitance measurements. The increased detection time was 
shown to be due to an increased lag phase in acid-injured populations while 
cellular repair takes place. Mackey and Derrick in 1984 also showed an 
extension in detection time and an increased lag phase when S.typhimurium was 
injured by freezing and heating. Previous studies indicating the extended lag 
phase that occurs with the other types of sub-lethal injury, have used viable 
counting procedures which are unable to distinguish between recovery of the 
injured population and delay due to growth of an uninjured subpopulation from 
low levels. This possibility has been excluded in this work since in some cases
167
the detection time recorded was greater than that predicted for a single 
uninjured cell growing up. Acid-induced injury had no effect on the growth rate 
once growth commenced, and all cultures showed a similar growth rate 
regardless of the acid to which they had been exposed.
Plots of percent survival and extension of detection time in survivors gave 
similar curves for acetic and lactic. The markedly different curves obtained 
with citric and hydrochloric acids must reflect the different mechanisms by 
which they inhibit microbial cells. The weak organic acids w ill be present 
partially as the unionised molecule which can freely permeate into the cell 
distrupting membrane processes and acidifying the cytoplasm, while the strong 
acids w ill be charged and exert their effect outside the cell. This is already well 
known (Booth and Kroll, 1989), but these results also show that weak organic 
acids damage more cellular sites prior to death than do citric and hydrochloric 
acids, and this results in survivors with more sub-lethal lesions. W ith strong 
acids even where conditions resulted in rapid death of the microbial populations 
survivors displayed little or no injury.
Since sublethal injury is clearly linked to the ability of permeant acids to 
penetrate the cell, where lipophilic acids are used in foods a problem might 
arise since the presence of sublethally injured cells, may lead to
168
underestimation of the bacterial count or failure to detect a pathogen. For this 
reason, in order to enumerate cells efficiently a resuscitation method is 
required, to allow repair.
In the present study, the ability of injured S.enteritidis to repair in a series of 
different resuscitation and enrichment media has been tested and compared. 
These included: Buffered Peptone Water, Lactose Broth, M uller Kauffmann 
Tetrathionate Broth, Selenite Cystine and Rappaport Vassiliadis Broth. A
c
ccjktail of eight Salmonella strains was injured by heating, freezing and acid 
stress and their recovery monitored by differential plating and capacitance 
monitoring.
Acid injured cells recovered in Buffered Peptone Water within 2.0 hours. This 
was indicated by the counts on TSA and X LD  which was similar after 2.0  
hours, as well as by the extension of detection time which decreased to 0.25 
hours. However, in the case of freeze injury an extension of detection time was 
noted even when the counts on selective and non selective media was similar. 
This indicates once more that capacitance measurement is a more reliable and 
comprehensive measure of injury. Similar observations were made in the case 
of heat-injured cells despite the fact that the degree of injury was higher. Cells 
in Lactose broth recovered at a slower rate compared to those recovered in
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Buffered peptone water suggesting that this is a less effective pre-enrichment 
medium. An extension of detection time was observed again after 1.0 hour 
incubation, although there was not much difference between the counts on 
selective and non selective agars. The broader range of injury detected by 
electrical measurements is once again confirmed. Buffered peptone water 
appeared more effective in recovering injured Salmonella cells. This could be 
due to the fact that Buffered Peptone Water maintained a pH which favours the 
growth of Salmonella whereas the pH in the case of Lactose broth dropped as 
low as 4.7, a level at which the growth of Salmonella is very slow. A  similar 
drop in pH was also reported in other studies (Van Schothorst and Van 
Leusden, 1975). This is an interesting observation since Salmonella does not 
generally ferment lactose and would not therefore be expected to produce such 
a large decrease in pH. This clearly merits further investigation. Thomason et 
al., (1977) also showed that buffered peptone water was superior to lactose 
broth for the isolation of Salmonella from sewage sludge and water samples, 
suggesting that a source of fermentable carbohydrate is not necessary for 
resuscitation of injured Salmonella cells. On the other hand, Van Schothorst 
and Van Leusden (1975) found lactose broth to be slightly more effective than 
buffered peptone water in recovering Salmonella from contaminated egg 
products, despite the fact that a drop in pH was noted. Van Leusden et al., 
(1982), stated however, that Salmonella would not grow at a very low pH, and
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the drop seen with lactose broth may inhibit the recovery of Salmonella. 
Additionally, buffered peptone water was shown to utilize a phosphate buffering 
system and the use of such systems may enhance recovery (Ray and Speck, 
1973; Fricker, 1983). Buffered Peptone water is now recommended for routine 
use, although this choice is based on theoretical arguments rather than 
experimental data (Fricker, 1987).
When selective enrichment broths were tested, Selenite cystine was shown to 
be superior compared to Muller Kauffmann Tetrathionate broth and Rappaport 
Vassiliadis broth in terms of its ability to allow cells to repair. These results 
conflict slightly with earlier reports on Salmonella isolations from contaminated 
meat products and faecal samples that indicate Rappaport Vassiliadis medium 
to be more effective - Muller Kauffmann Tetrathionate or Selenite broth 
(Harvey and Price, 1981; Fricker et a l., 1985). However, in these cases it was 
not the speed of repair that was important but the ability to recover Salmonella 
in the presence of a substantial competitive microflora. This could be due to the 
fact that when selenite broth was used, overgrowth of other enteric bacteria also 
occujed since selenite is not very selective. The efficiency of R V medium in 
isolating Salmonella is based on two selective inhibitors, magnesium chloride 
and malachite green (Rappaport et al., 1956).
In the present study pure cultures of Salmonella were used and the recovery of
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the cells in Selenite cystine broth was shown to be much more rapid since after 
three hours incubation a minor extension of detection time was observed and 
the counts on TSA and X LD  were shown to be very similar.
In the case of M uller Kauffmann Tetrathionate broth, cells were shown to carry 
some kind of injury even after twenty hours incubation. This was indicated with 
both the X LD  and TSA counts as well as the extension of detection times. 
The mechanism of selective inhibition by Kauffmann Tetrathionate broth is 
thought to be an enzyme called tetrathionate reductase possesed by Salmonella, 
whereas appears to be absent in many other bacteria (Fricker, 1987).
Another attempt was made to enhance recovery of stressed cells by the addition 
of enzymes such as catalase and superoxide dismutase which protect against 
oxygen toxicity. Results indicated that none of these enzymes was sufficient in 
recovering injured cells since the extension of detection time was similar to the 
one obtained in the control samples where enzymes were not present. However, 
addition of catalase to a rich infusion agar used for solid medium repair of 
injured E.coli has been shown to increase the recovery by one cycle (Van 
Netten et a l., 1984). In this experiment however, the authors used conventional 
methods and it could be that another type of injury was present, but could not 
be detected.
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This study, indicates that direct selective enrichment is not advisable 
as suggested by some authors (Anon, 1984) since recovery is poor and the 
growth rate slow. Others suggested to shorten the pre-enrichment period to 6.0- 
8.0 hours (Andrews, 1985). However, in the present study it was shown that 
the concentration of cells had not reached very high levels at that time and 
therefore there could be a reduced chance of isolating Salmonella in subsequent 
selective enrichment. Under more severe types of injury the effectiveness of 
this method couid be further reduced producing false negative results. 
Additionally, the presence of competitive bacteria in food, could reduce the rate 
of recovery of Salmonella and the numbers presence could be under estimated 
on the subsequent selective enrichment (Arroyo and Arroyo, 1995).
Further to the above, a series of assays were carried out in order to examine 
other aspects of the cell’s response to injury. Using the bioluminescence 
technique, the amount of ATP present in stressed and healthy cells was 
measured. Cells stressed in acetic acid were shown to contain less ATP  
compared to healthy cells. In the presence of HC1, where injury was not 
detected, the ATP content of the cells was found to be at a very similar level 
to that of healthy cells. The decrease in ATP levels with stress could be due to 
the fact that during injury there is a large demand for ATP which is used by 
the cell for repair processes, or that ATP generation is inhibited as a result of
the stess. In  many cases it could be a combination of the two. In the case of 
acid stress however, cells would have to use ATP as they try to maintain pH 
homeostasis.
Evidence exist that microorganisms can adapt to different sublethal treatments 
such as heat, by accelerating the production of heat shock proteins (Jorgensen 
et a l. , 1996). Many studies showed increased heat resistance of microorganisms 
following sub-lethal treatments (Linton et a l; Murano and Pierson, 1992; 
Humphrey et a l., 1993). It is suggested that production of stress proteins is 
essential for the recovery of stressed cells, and that in the case of 
thermotolerance they remove denatured proteins (Schlesinger, 1990). However, 
there is still not enough evidence to show whether heat shock proteins are the 
main factors responsible for heat shock induced thermotolerance (Weber, 
1992).
An attempt was made in the present study, to investigate the synthesis of any 
new proteins. Initially, experiments were carried out using chloramphenicol, 
an inhibitor of protein synthesis. The Minimum Inhibitory Concentration of 
chloramphenicol was added into an acid broth capable of injuring Salmonella 
enteritidis. The broths were incubated at 15°C and samples were taken out 
periodically. The count on selective and non selective agar was measured as
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well as detection times. In the presence of chloramphenicol no further extension 
in detection time was noted when compared to cells acid stressed in the absence 
of chloramphenicol and no difference in the counts on X L D  and TSA was 
observed. This indicates that in the case of acid injury, Salmonella does not 
produce any stress proteins which protect from injury. I f  this was the case, then 
the inclusion of chloramphenicol should increase injury since the synthesis of 
the protective proteins would not occur and this would be reflected in a further 
increase in detection time and a bigger difference between X LD  and TSA  
count. Using SDS-Polyacrylamide Gel Electophoresis the above results were 
confirmed since no obvious difference in the protein banding was determined. 
This suggests that the overall protein complement in stressed and unstessed cells 
is broadly similar. However, further experiments need to be carried out using 
a more sensitive technique in detecting the synthesis of stressed proteins such 
as pulse labelling (see section 7.1).
In summary, the work presented in this thesis has provided a new technique for 
detecting sublethal injury in bacteria. It has also indicated the need for further 
work to explore the phenomenon (see Section 7.1).
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7.1 FURTHER WORK
1. The use of a more sensitive technique for detecting stress proteins when cells 
are acid injured. This could be pursued by using pulse radiolabelling of 
proteins, so recently synthesised proteins can be detected.
2. Further work is required to identify the precise sites of injury. This would 
require studies with ATPase inhibitors and drugs such as valinomycin which 
break down the membrane potential. Outermembrane damage could also be 
detected using enzymes such as lysozyme.
3. Finally, these results could be used to give a much less empirical approach 
to the design of resuscitation and enrichment media. This would give greater 
confidence in analytical results and strengthen protection of the consumer 
against foodbome infection.
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APPENDICES
FIGURE 1
Calibration curve of Listeria monocytogenes (F6861)
Cell concentration (Iog10 cfu/ml)
Detection time (h)
Healthy cells were incubated at 37°C for 17 ,18 , 19 or 24 hours.
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FIG U R E  2
Growth of L.monocytogenes at 15°C after storage in 
Citric acid at pH 4.5
F IG U R E  3
Growth of L.monocytogenes at 15°C after storage in Hydrochloric 
Acid at pH 4.5
Cell concentration (log 10 cfu/ml)
Detection time (h)
•  HCI acid 
213
Growth of Listeria monocytohenes at 15°C after 
incubation in Acetic acid at pH 4.5
FIGURE 4
•  200mM Acetic Acid
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FIGURES
Growth of L.monocytogenes after heating at 55°C
FIGURE 6
Growth of L. monocytogenes after Heat injury at 60°C
•  Heat Injury at 60 C
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Measurement of the lag phase of Sub-lethally 
Heat-injured L.monocytogenes cells
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